Paraplegia and exercise: a study of cardiovascular behaviour during arm exercise in persons with paraplegia by Hopman, M.T.E.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/113110
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Paraplegia 
and Exercise 
A study of cardiovascular 
behaviour during arm exercise 
in persons with paraplegia 
Maria Т.Е. Hopman 

PARAPLEGIA AND EXERCISE 
A study of cardiovascular behaviour 
during arm exercise 
in persons with paraplegia 
Maria Hopman 

PARAPLEGIA AND EXERCISE 
A study of cardiovascular behaviour during arm exercise 
in persons with paraplegia 
Een wetenschappelijke proeve op het gebied van de 
Medische Wetenschappen 
Proefschrift 
ter verkrijging van de graad van doctor aan de Katholieke 
Universiteit Nijmegen, volgens besluit van het College 
van Decanen in het openbaar te verdedigen 
op donderdag 28 januari 1993 des 
namiddags te 1.30 uur precies 
door 
Maria Theresia Elisabeth Hopman 
geboren 13 februari 1963 te Ottersum 
Promotoren: Prof. Dr. R.A. Binkhorst 
Prof. Dr. В. Oeseburg 
The studies presented in this thesis were performed in the Department of 
Physiology at the University of Nijmegen, the Netherlands. 
CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 
Hopman, Maria Theresia Elisabeth 
Paraplegia and exercise: a study of cardiovascular behaviour during arm exercise in 
persons with paraplegia / Maria Theresia Elisabeth Hopman - [S.l. :s.n.] - 111 
Proefschrift Nijmegen, met literatuur opgave, met samenvatting in het Nederlands 
ISBN 90-9005772-2 
Trefwoorden: paraplegie / inspanningsfysiologie / cardiovasculaire regulatie 
Voor Vader en Moeder 

Contents 
Publications 
Chapter 1 General introduction 11 
Chapter 2 The validity of the cardiac output determined by the C02 19 
rebreathing method during arm exercise 
Chapter 3 Cardiovascular responses in paraplegic subjects during arm 31 
exercise 
Chapter 4 Cardiac output in paraplegic subjects at high exercise levels 43 
Chapter 5 Cardiovascular responses in paraplegics to prolonged arm 55 
exercise and thermal stress 
Chapter 6 Volume changes in the legs of paraplegic subjects during arm 69 
exercise 
Chapter 7 The effect of an anti-G suit on cardiovascular responses to 81 
exercise in persons with paraplegia 
Chapter 8 The effect of an anti-G suit on maximal performance of 95 
individuals with paraplegia 
Chapter 9 General discussion 109 
References 117 
Summary 133 
Samenvatting 137 
Dankwoord 145 
Curriculum Vitae 147 

Publications 9 
Publications 
Chapter 2 
Hopman MTE, Oeseburg В, Binkhorst RA (1992) The validity of the cardiac 
output determined by the C02 rebreathing method during arm exercise. Submit­
ted for publication 
Chapter 3 
Hopman MTE, Oeseburg B, Binkhorst RA (1992) Cardiovascular responses in 
paraplegics subjects during arm exercise. Eur J Appi Physiol 65:73-78 
Chapter 4 
Hopman MTE, Pistorius M, Kamerbeek ICE, Binkhorst RA (1992) Cardiac 
output in paraplegic subjects at high exercise levels. Submitted for publication 
Chapter 5 
Hopman MTE, Oeseburg B, Binkhorst RA (1992) Cardiovascular responses in 
paraplegics to prolonged arm exercise and thermal stress. Med Sci Sports Exerc 
(in press) 
Chapter 6 
Hopman MTE, Verheijen PHE, Binkhorst RA (1992) Volume changes in the 
legs of paraplegic subjects during arm exercise. Submitted for publication 
Chapter 7 
Hopman MTE, Oeseburg B, Binkhorst RA (1992) The effect of an anti-G suit 
on cardiovascular responses to exercise in persons with paraplegia. Med Sci 
Sports Exerc 24:984-990 
Chapter 8 
Hopman MTE, Kamerbeek ICE, Pistorius M, Binkhorst RA (1992) The effect 
of an anti-G suit on maximal performance in paraplegic subjects. Submitted for 
publication 
Related publications 
Hopman MTE, Oeseburg B, Binkhorst RA (1990) Cardiac output of paraplegics 
and control sporters during arm exercise. Pflügers Archiv 416:S4 
Hopman MTE, Oeseburg B, Binkhorst RA (1991) Het hartminuutvolume van 
paraplegen en geamputeerden tijdens inspanning. Geneeskunde en Sport 24:140-
143 
10 Publications 
Hopman MTE, Oeseburg В, Binkhorst RA (1991) Cardiovascular aspects in spinal 
cord-injured subjects. Ergonomics of manual wheelchair propulson. Preliminary 
Proceedings of an International Workshop, Amsterdam. p65-68 
Hopman MTE, Oeseburg B, Binkhorst RA (1991) Circulatory effects of an anti-G 
suit in paraplegics during arm exercise. Pflügers Archiv 418:R147 
Hopman MTE, Oeseburg B, Kuipers H, Binkhorst RA (1991) The effect of an 
anti-G suit on cardiac response in paraplegics and able-bodied subjects during 
arm exercise. Med Sci Sports Exerc 23:S103 
Hopman MTE, Oeseburg B, Binkhorst RA (1992) The effect of an anti-G suit on 
physiological responses during arm exercise in paraplegics. Pflügers Archiv 
420:R133 
Hopman MTE, Oeseburg B, Kuipers H, Binkhorst RA (1992) Cardiovascular 
adjustments in paraplegics exercising in a hot environment. Med Sci Sports 
Exerc 24:S31 
Hopman MTE, Oeseburg B, Binkhorst RA (1992) Cardiovascular responses to arm 
exercise and thermal stress in paraplegics. Pflügers Archiv 421:R38 
Chapter 1 11 
CHAPTER 1 
General introduction 
The spinal cord-injured population 
A spinal cord lesion means a partial or total disruption of the structural and 
functional integrity of the spinal cord, which is often caused by some sort of trauma 
and results in impairments like paralysis, loss of sensation and autonomic 
dysfunctioning. 
Whereas some decades ago spinal cord-injured individuals died at an early age 
because of respiratory and other complications, nowadays they have a higher life 
expectancy, so attention has to be focused on improvement of their quality of life 
(Devivo 1984; Bedbrook 1987). 
Prevention of secondary disabilities like pressure sores, loss of bone integrity, 
contractures and cardiovascular and cardiopulmonary diseases, among individuals with 
a spinal cord injury is, therefore, an important issue (Laporte et al. 1984; Tikoff and 
Marcelino 1987; Yekutiel et al. 1989; Davidoff et al. 1990; Glaser 1992; Yarkony et 
al. 1992). 
A spinai cord injury results in sudden and drastic changes in health status and 
lifestyle of the subjects, which may lead to a loss of health and fitness. Due to their 
sedentary lifestyle, wheelchair-bound subjects have an increased risk of cardiovascular 
and cardiopulmonary diseases which in it self may result in an even more sedentary 
lifestyle. The awareness of this vicious circle has led to an increasing demand for 
physical activities and sport in rehabilitation as well as in the daily life of spinal cord-
injured subjects (Weiss and Beck 1973; Cowell et al. 1986; Stotts 1986; Figoni 1990; 
Shephard 1991; Krause and Kjorsvig 1992). 
Besides the positive impact of physical activities on the cardiovascular and 
pulmonary system, an improved physical integrity typically produces increased 
physical work capacity, enhanced performance of activities of daily living, improved 
mobility and functional independence, pursuit of an active lifestyle and 
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social/avocational activities. In summary, it leads to a normal high-quality and 
productive life span (Noreau and Shephard 1992). In addition, physical activities have 
shown to overcome problems of self pity, feelings of rejection and depression as a 
result of hampered opportunities for education and employment, of dependency on 
help for daily living activities and of stigmatization by non-handicapped people in the 
early phase of rehabilitation. In the long term, physical activities have demonstrated 
to have positive effects on depression and self esteem of the spinal cord-injured 
subjects (Richards 1986; Macleod 1988; Jacobs et al. 1990). 
During physical activity the demand for blood flow by various tissues and organs 
will change. This necessitates a control system that can modify and adapt the 
circulation to meet demands in various situations. The circulatory control occurs by 
autoregulation and metabolic effects on local and regional level and systemically by 
neural and humoral mechanisms. An effective integration between the various 
components, i.e. peripheral receptors, control centres in the brain stem and in the 
spinal cord, and peripheral effectors, is essential, which requires an intact nervous 
system. In the spinal cord-injured subjects, the destruction of spinal nerves may result 
in an interruption of the communication between certain receptors and effectors, and 
in partial loss of circulatory control by centres in the spinal cord or in the brain stem. 
This may result in an altered control of the cardiovascular system during physical 
activities in spinal cord-injured subjects. It is, therefore, important to gain insight into 
the cardiovascular behaviour during physical activities of these spinal cord-injured 
individuals. 
Cardiovascular responses to exercise 
Whereas cardiovascular responses are well-established for able-bodied subjects 
during leg exercise, much less attention has been focused on cardiovascular responses 
in subjects unable to use their legs, such as spinal cord-injured subjects. For this 
group of subjects arm exercise is the proper manner to perform exercise. 
Previous investigations (Stenberg et al. 1967; Miles et al. 1984; Pimental et al. 
1984; Franklin 1985; Sawka 1986; Louhevaara et al. 1990) have demonstrated 
differences in physiological responses between leg and arm exercise in able-bodied 
subjects. A greater physiological strain is reported to be elicited by arm exercise than 
by leg exercise performed at the same metabolic rate. During maximal arm exercise 
power output, the oxygen uptake and heart rate will, in general, be about 70 to 90% 
to that of leg exercise. The explanations for these differences in physiological 
responses between arm and leg exercise are the relatively smaller muscle mass 
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involved during arm exercise and the differences in the training status between the 
arm and leg muscles. 
It is well known that during exercise in able-bodied subjects a redistribution of 
blood takes place in order to elevate mean ventricular filling pressure, to augment 
stroke volume and to increase cardiac output (Ästrand et al. 1964). In this way, the 
exercising muscles will be supplied with an increased blood flow to compensate for 
the increased oxygen and fuel substrates demands as well as for removal of metabolic 
by-products. Spinal cord-injured subjects, however, may have a disturbed 
redistribution of blood during arm exercise due to the lack of sympathetic innervation 
below the spinal cord lesion. In addition, skeletal muscle paralysis leads to an 
inactivation of the leg-muscle pump a supporting mechanisms in the redistribution of 
blood and limits the muscle mass available for exercise which may restrict the load 
on the cardiovascular system. 
Classification 
Generally, the higher the level and extent of the spinal cord injury, the greater the 
concomitant autonomic and senso-motoric dysfunction. 
The completeness of the lesion is often described as the loss of motor and sensor 
function below the lesion as determined by neurological examination (Waters et al. 
1991). The term 'complete injury' is defined as the most caudal segment that tests as 
normal or intact for both sensory and motor function. This, however, gives no 
information about the involvement of the autonomic nervous system in the lesion and, 
thus, this neurological examination yields no clarification whether the autonomic 
regulation below the lesion is absent or intact. However, both, the autonomic as well 
as the senso-motoric impairments are important for classifying spinal cord-injured 
subjects into groups (figure 1). 
With regard to autonomic impairments the cranial parasympathetic nervous system 
will not be affected by a spinal cord injury whereas the sacral part of this nervous 
system is almost always included in the lesion. A cervical lesion may result in a total 
sympathetic block, and for lesions below L3 the sympathetic system will be 
unaffected. For subjects with thoracolumbar lesions a subdivision can be made based 
on the sympathetic nervous system. Persons with lesions between Tl and T6 may have 
a disturbed cardiac sympathetic innervation. The parasympathetic innervation of the 
heart (N. Vagus), however, will be intact, which may lead to a dominating dysbalance 
resulting in a limitation of the normal exercise-induced cardioacceleration and 
myocardial contractility. In subjects with lesions between T6 and T10 cardiac 
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sympathetic innervation will not be affected, suggesting a basically normal regulation 
of the cardiac function. However, they lack the sympathetic innervation of the 
abdomen, pelvic and legs, important for an appropriate redistribution of blood during 
exercise. A lesion at or below T10 means an intact sympathetic innervation of the 
heart, abdomen and adrenal gland whereas the innervation of the pelvic and legs will 
be impaired. There is, however, a considerable and variable overlap in neuronal 
outflow of the autonomic nervous system (Mathias and Frankel 1983; Arrowood et 
al. 1987; Van Nierop 1987; Mathias 1988). 
Autonomic 
Nervous System 
Parasympathetic (Cranial) 
- Heart 
- Gastrointestinal 
Sympathetic (Thoracolumbar) 
- Internal organs 
- Sweat glands 
- Blood vessels 
Heart' 
Splanchnic area 
Pelvic and legs • 
area 
Parasympathetic (Sacral) 
- Bowel 
- Bladder 
τ ι 
T6 
T10 
L5 
,S5. V 
Motoric 
Nervous System 
Diaphragm (C3-C5) 
J^> Upper extremity (C5-T1) 
Intercostal and thoracic muscle 
(T2-T8) 
Abdominal muscle (T7-T12) 
Lower extremity (L2-S2) 
Figure 1 
Diagram of the central nervous system and the neuronal outflows for the motoric 
nervous system (skeletal muscle innervation) and autonomic nervous system (internal 
organs, blood vessels, sweat glands). General innervations related to the level of the 
spinal cord are indicated. Based on this information spinal cord-injured individuals 
can be classified into groups. 
Based on senso-motoric impairments, a division can be made into two major 
groups, i.e. the quadriplegic subjects with cervical lesions and the paraplegic subjects 
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with thoracolumbar lesions. A further subdivision can be made in accordance with the 
Functional International Classification as described by Guttmann (1976), which results 
in analogous groups (Class I to VI) compared to the classification based on autonomic 
impairments. 
The control for the primary muscle for respiration, the diaphragm, is located in the 
higher areas of the cervical spinal cord, i.e. at or above C4. When a lesion occurs in 
this area, serious considerations must be giving to maintaining ventilatory support for 
the rest of the individual's life. The motor control for the upper extremities is located 
in the lower cervical area. Cervical lesions may result in a quadnplegia dependent on 
the degree of completeness (Class I). Subjects with lesions from Tl to T6 (Class II) 
have poor or non-existent trunk and abdominal muscle strength and, therefore, no 
useful sitting balance. In addition, motor innervation of the intercostal and secondary 
respiratory muscles will be impaired, which may affect the ventilation. Subjects with 
lesions between T6 and T10 (Class III) have functional trunk muscles, allowing a 
reasonable sitting balance, but they still have a generalized weakness of the abdominal 
muscles. Subjects with lesions at or below T10 (Class IV) will have normal trunk and 
abdominal muscle function but limited control of the gluteal and leg muscles. Subjects 
with spinal cord lesions below L2 (Class V and VI) have a partial loss of leg-muscle 
function. 
It is clear that the level and completeness of the spinal cord lesion will affect the 
cardiovascular responses to physical activities to an important degree (Burkett et al. 
1990). 
In this thesis emphasis is placed on paraplegic subjects, with complete spinal cord 
lesions between Tl and T12. The upper level of Tl was chosen to guarantee that the 
upper extremities had not been affected, whereas the lower level of T12 certifies that 
autonomic and senso-motoric innervation of the pelvic and legs is absent. The 
preference for complete lesions stems from the pursuit to create a more or less 
homogeneous group. 
This study resulted from an increasing demand for research to gain a better 
understanding of cardiovascular behaviour during physical activities in the spinal cord-
injured population. In this study, physical activity is performed as arm ergometry, 
based on the perspective that ergometry provides a precision tool to investigate 
cardiovascular behaviour under well-controlled and highly-reproducible conditions. 
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The aim of the study 
The purpose of the study can be summarized as to gain insight into cardiovascular 
behaviour during arm exercise in persons with paraplegia. Cardiovascular responses 
were studied at different exercise levels and under different conditions. An 
examination was carried out concerning the effects that external pressure on the legs 
and abdomen would have on the redistribution of blood during exercise in paraplegic 
subjects. In addition, the effect of the level of the spinal cord lesion on the 
cardiovascular responses was studied. 
Basic approach 
In this study all tests consisted of arm-cranking exercise performed on an arm cycle 
ergometer. Although wheelchair ergometer tests have the advantage of simulating a 
disabled individual's normal mode of locomotion, arm-cranking is the most common 
type of arm exercise testing (Jones and Campbell 1982; Sedlock et al. 1983; Smith et 
al. 1983; Franklin 1985; Walker et al. 1986; Martel et al. 1991). The major 
advantages of arm-cranking ergometry are the accurate and reproducible adjustment 
of the power output and the possibility to perform the CO2 rebreathing manoeuvres 
for determining cardiac output. 
Since invasive methods for determining cardiac output in this group of subjects are 
unjustifiable and impractical, a suitable non-invasive method was used to determine 
cardiac output, namely, the equilibrium CO, rebreathing technique based on Pick's 
principle for CO,. This C02 rebreathing method according to Collier (1956) and as 
described by Van Herwaarden (1980) has proven to be a valid and reproducible 
method in determining cardiac output during submaximal steady-state exercise. 
Contents of this thesis 
This thesis contains seven papers which were originally written as seperate 
manuscripts and presented in this thesis as chapters in a logical order. Below a brief 
description of the contents of the chapters is given. 
Chapter 2 reports on a validity study which compared the COj rebreathing method 
used to determine cardiac output during submaximal arm exercise with data from 
literature for cardiac output determined during arm exercise by other methods. In 
addition, three different ways of estimating arterial CO2 tension were evaluated. 
Chapter 3 presents a study on cardiovascular responses to maximal and submaximal 
arm exercise in paraplegic subjects compared to able-bodied subjects. Cardiac output 
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was determined at different levels of low and moderate arm-cranking exercise. 
In chapter 4 cardiac output in paraplegic subjects at high submaximal levels of arm 
exercise was studied. Additional information concerning cardiovascular responses in 
paraplegic subjects at high exercise levels is given. 
In chapter 5 the influence of thermal stress and prolonged exercise on 
cardiovascular responses in paraplegic subjects with different lesion-levels is studied 
and discussed. Prolonged exercise in the heat may induce an increased skin blood 
flow, which means an increase in circulatory strain. 
The purpose of the investigation presented in chapter 6 was to assess the venous 
blood pooling below the spinal cord lesion in paraplegics as suggested in previous 
parts of the study to be the cause of a disturbed cardiovascular regulation during 
exercise. Emphasis was placed on the contribution of the sympathetic system to the 
venous blood pooling apart from the muscle pump function. 
Chapter 7 presents the results of an attempt to support the circulatory adjustment 
to submaximal arm exercise by decreasing the venous capacitance and, thus, venous 
blood pooling below the spinal cord lesion. For that purpose, external pressure was 
applied on the lower body in paraplegic subjects by means of an anti-gravity suit. 
Chapter 8 focuses on the effects of the application of the anti-gravity suit during 
maximal exercise in paraplegic subjects. Since previous research has demonstrated 
beneficial effects of the anti-gravity suit on central circulatory adjustment to 
submaximal exercise in paraplegic subjects, the application of an anti-gravity suit may 
enhance maximal performance in these subjects. 
The last chapter, chapter 9, reflects on the studies described in chapters two to 
seven. It specifically focuses on the problems underlying investigation concerning 
spinal cord-injury people and cardiovascular behaviour. The chapter ends with some 
recommendations on several topics for future research. 
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CHAPTER 2 
The validity of the cardiac output 
determined by the COj rebreathing method 
during arm exercise 
Maria Т.Е. Hopman, Berend Oeseburg, Rob A. Binkhorst 
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Summary 
Since physiological characteristics during leg exercise are different to those 
during arm exercise, the well-established reproducibility and validity of cardiac 
output (Q) as determined by the CO2 rebreathing method during leg exercise, were 
evaluated during arm exercise in this study. In addition, the effect of three 
different ways of estimating arterial C02 tension (PaCOi) on Q during arm exercise 
was studied. 60 male subjects free of cardiopulmonary disease, performed arm-
cranking exercise at 20%, 40% and 60% of their individual maximal load. At the 
end of each steady-state exercise level, Q was determined using the C02 
rebreathing method according to Collier, the so-called plateau method. COj output 
(VC02) was measured by gas exchange measurement and mixed venous CO2 
tension (PvCOj) was determined from the C02 rebreathing plateau. PaC02 was 
estimated in three different ways: (A) by the modified Bohr formula for dead 
space, (B) by an arterialized blood sample from the hyperaemic ear-lobe, and (C) 
by the end-expiratory C02 tension. A, B, and С were used to calculate Qa, Qb and 
Qc, respectively. The results showed good agreement with direct Fick 
measurements, and were in the same range compared to other results obtained by 
dye dilution, electrical impedance cardiography and the exponential CO2 
rebreathing method during arm exercise. The Pearson's correlation coefficient was 
high (p<0.01) among the three different ways of estimating PaC02. In conclusion, 
the C02 rebreathing method used to determine Q during submaximal arm exercise 
appeared to be valid. The three ways of estimating PaC02 are all satisfactory in 
estimating Q. 
Introduction 
The C0 2 rebreathing method is based on the indirect Fick principle applied to 
C02, in which mixed venous C02 tension (Р СОз) is determined by obtaining an 
equilibrium between gas in the rebreathing bag and in the lungs. In previous 
investigations this approach of determining cardiac output (Q) has shown to be 
reproducible and valid during leg exercise in adults and in children (Zeidifard et al. 
1972; Jones and Rebuck 1973; Auchincloss et al. 1980; Van Herwaarden et al. 
1980; Da Silva et al. 1985; McElvaney et al. 1989). However, no data are 
available whether the C0 2 rebreathing method is valid for determination of Q 
during arm exercise as well. 
It is of question as to whether the C02 rebreathing method can accurately 
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determine Q during arm exercise, since arm exercise has shown to elicit greater 
pulmonary ventilation responses that leg exercise at an equal power output and 
equal oxygen uptake (Bevegârd et al. 1966). In addition, significantly different 
breathing patterns and blood gas responses have been reported between arm and 
leg exercise (Sawka 1986). Therefore, it is essential to establish whether the C02 
rebreathing method is an accurate way of determining Q during arm exercise. 
Furthermore, the fact that arm exercise acquires more importance in rehabilitation 
and daily life activities of disabled persons, lends necessity to a reproducible, 
practical and valid method of determining Q during arm exercise in clinical and 
physiological tests. 
The purpose of this study was to evaluate the validity of the CO2 rebreathing 
method in determining Q during submaximal arm exercise. The results are, 
therefore, compared with data from the literature for Q determined by alternative 
methods. In addition, arterial C02 tension (РаССУ was estimated in three different 
ways: (1) the modified Bohr formula, (2) measurement of arterialized blood C02 
tension and (3) use of end-tidal CO2 tension, in order to investigate the effect on 
Q. 
Materials and methods 
Subjects 
60 male subjects, aged between 20 and 40 years, participated in this study. All 
subjects gave their written informed consent and the study was approved by the 
Faculty Ethics Committee. Subjects were moderately trained on arms and legs. The 
subjects underwent a comprehensive medical examination, including a 12-lead 
electrocardiogram, cardiac and pulmonary auscultation, and detailed physical and 
medical history. From this examination no impediment for participation in this 
study was found. None of the subjects had any cardiac or pulmonary disease or 
used medicines likely to influence the results. 
Protocol 
AH subjects visited the laboratory twice within one week. At least two hours 
prior to each test, subjects refrained from caffeine, alcohol and nicotine. On the 
first occasion, maximal power output (Wmax) was determined using a continuous 
multistage protocol for arm-cranking exercise, with a frequency of 60 revolutions 
per minute. Power output increased by 10 watt (W) every minute until exhaustion. 
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During the second visit, each subject performed submaximal arm-cranking exercise 
at 20%, 40% and 60% of his individual Wmax, in order to determine Q at three 
different levels of submaximal exercise. Some of the subjects performed these tests 
twice or three times. Since reproducibility was not the aim of interest, the 
circumstances during the tests (i.e., temperature, relative humidity, time of the 
day) were not always exactly the same. In total, 348 technically satisfactory 
rebreathing procedures were accomplished for validity determination. Each bout of 
exercise lasted at least 7 minutes with a five minute recovery period. During the 
last minute of each bout of exercise, Q was determined by the CO2 rebreathing 
method. Steady-state exercise during the last two minutes of each bout of exercise 
was verified by oxygen uptake, ventilation and heart rate. 
Materials 
Exercise was performed at an electro-magnetic arm-crank ergometer (modified 
cycle ergometer, Lode, Groningen, The Netherlands) and sitting in a chair which 
was fixed to the floor. The axis of the crank unit was adjusted to shoulder level 
(Sawka 1986). During cranking the arms were at no time fully extended. 
Measurements 
During the tests, oxygen uptake (VO2), carbon dioxide output (VC02) and 
expired ventilation (Ve) were measured and averaged over 30 second intervals by 
an automatic gas analyzer (Oxycon IV, Mijnhardt, Bunnik, The Netherlands). This 
gas analyzer consists of a dry gas-meter with a paramagnetic O2 and infra-red C02 
analyzer, calibrated daily with a gas mixture analyzed by the Scholander technique. 
ECG and heart rate (HR) were recorded continuously using a cardiotachometer. 
During the last minute of each submaximal exercise level, blood gases were 
measured (IL Blood Gas Analyzer, model 1312) from a capillary ear-lobe blood 
sample taken after rubbing the ear-lobe with a vasodilating ointment (Gaultier et al. 
1989). 
At the end of the last minute of each submaximal exercise level cardiac output 
(Q) was determined by the C02 rebreathing method according to Collier (Collier 
1956) and based on an equilibrium plateau. A Hans Rudolph valve was connected 
to a three-way stop-cock used for switching from outdoor air to the rebreathing bag 
when the rebreathing procedure commenced. The rebreathing bag contained a gas 
mixture between 10 and 12% CO2 in Oj while the gas volume was equal to the 
predetermined vital capacity of each subject (Jones and Rebuck 1973). The subjects 
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were well-instructed and the rebreathing procedure was practised before exercise 
was started. During steady-state exercise and after a long-continued expiration, the 
three-way stop-cock valve was switched from outdoor air to the rebreathing bag. In 
two or three deep and fast breaths, an equilibrium was achieved between gas in the 
bag and in the lungs. Mixed venous COj tension (PvC02) was determined from 
the C02 plateau during rebreathing, using a rapid and linear CO2 analyzer 
(Capnograph Godart type MO, de Bilt, The Netherlands). The quality of the C02 
plateau during rebreathing was verified using a computer algorithm in which the 
appearance-time, variation of the signal, as well as the length of the plateau, were 
compared to predetermined values. In other words, the plateau must appear before 
recirculation time ended (< 12 s), variation of the signal must be less than 0.10% 
and the length of the plateau must take at least two respiratory cycles (figure 
l)(Van Herwaarden et al. 1980). 
co2 (%) 
10.0 
10.0 
Figure 1 t ime (sec) 
A computerised registration of %C02 during the C02 rebreathing procedure at 
submaximal arm exercise. The plateau represents an equilibrium between the 
rebreathing bag and the lungs. Thereafter, %C02 increases due to recirculation 
(not shown). 
Since previous studies have suggested a C02 gradient over the alveolar-capillary 
membrane, a "downstream" correction factor was applied to obtain PvC02 (Jones 
et al. 1972). 
Arterial C02 tension (PaC02) was determined in three different ways. Firstly, 
PaC02 was calculated via the modified Bohr formula to account for physiological 
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dead space (A), as calculated from data of Asmussen and Nielsen (1956). 
Secondly, РаСОг was measured in an arterialized ear-lobe blood sample taken 
during the last minute of submaximal exercise (B). Thirdly, PaC02 was derived 
from alveolar PCO2 by continuous recording of end-tidal PC02 during the last 
minute of each submaximal exercise level. The mean value of these end-tidal PC02 
values was taken as РаСОг (С). А, В, and С were used to calculate Qa, Qb and 
Qc, respectively. C02 content was calculated from PC02 using the oxygenated C02 
dissociation curve corrected for changes in pH and BE during exercise (Van 
Herwaarden et al. 1980). 
Statistical analysis 
The relationship between Q and V02 is calculated for each way of estimating 
PaC02 (Qa, Qb and Qc) by linear regression analysis and compared in a 
descriptive way to regression equations from previous investigators. Based on 
Pearson's correlation coefficient, differences between the three ways of estimating 
PaC02 were calculated. Statistical significance was set at ρ < 0.01. Values are 
presented as mean ± SD. 
Table 1 
Physical characteristics and physiological responses to submaximal arm exercise in 
60 male subjects, presented as the mean ± SD and the range. V02 = oxygen 
uptake, HR = heart rate, Qa = cardiac output using the Bohr formula, Qb = 
cardiac output using an arterialized blood sample, Qc = cardiac output using end-
tidal C02 tension. 
Subjects (n=60) 
Age (yr) 
Height (cm) 
Body mass (kg) 
V02 (l.min ') 
HR (beats.min"1) 
Qa (l.min1) 
Qb (l.min1) 
Qc (l.min1) 
Mean ± SD 
30.8 ± 7.1 
181 ± 6 
73.4 ±11.7 
1.19 + 0.30 
119.7 ± 21.9 
11.1 ± 3.2 
12.8 ± 3.3 
12.4 ± 3.6 
Range 
17-47 
163- 197 
53- 106 
0.55- 2.08 
65- 177 
4.5- 22.6 
5.6- 23.4 
5.1-30.6 
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Results 
Table 1 presents the characteristics of the subjects. In total, 348 technically 
satisfactory rebreathing procedures were performed by 60 subjects at three exercise 
levels, i.e. 20%, 40% and 60% of the individual peak load. 
Physiological responses to these submaximal exercise tests are presented in table 
1. V02, Ve and HR were not significantly different between the 6th and 7th minute 
of each bout of submaximal exercise, suggesting steady-state conditions. 
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Figure 2 
Regression equations for cardiac output (Q) to oxygen uptake (VOJ during arm 
exercise: the direct Fick equation (Dir), y= 3.3 + 7.8x (Bevegârd et al. 1966); the 
indicator dilution technique (Dye) y= 5.9 + 5.3x (Clausen et al. 1973); the 
exponential C02 rebreathing (Def) y= 4.1 + 8.9x and the electrical impedance 
cardiography (Imp) у=6.0 + 5.5JC (Miles et al. 1981), the equilibrium C02 
rebreathing method (Ç)a) y= 9.3x, (Qb) y= 2.4 + 8.7x and (Qc) y= 1.3 + 9.3x 
(this study, Hopman A, B, C). 
The Pearson correlation coefficient between Qa and Qb was 0.94, between Qa 
and Qc, 0.93 and between Qb and Qc, 0.94, with all having a two-tailed 
probability of less than 1 %, indicating good agreement among the three ways of 
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calculating Q. 
Since Q and VO2 are linearly related during submaximal exercise this 
relationship offers another key for evaluating the validity of the method tested. The 
regression equations are Qa = 9.З О2, r=0.77 and the standard error of the 
estimate (SEE) = 1.57 l.min'; Qb= 2.4 + 8.7V02, r=0.65 and SEE=1.97 l.min1; 
Qc = 1.3 + 9.3V02, r=0.63 and SEE=2.20 l.min', with an overall p<0.01. 
These regression equations are compared to regression equations reported in 
previous investigations which determined Q during arm exercise when using other 
methods. The CO2 rebreathing method used in this investigation showed strikingly 
good agreement with the direct Pick method (Bevegârd et al. 1966), as shown in 
figure 2. The exponential COj rebreathing method (Miles et al. 1981) showed 
constantly higher values for Q, whereas impedance cardiography (Miles et al. 
1981) and dye dilution (Clausen et al. 1973) showed lower values for Q, especially 
at higher exercise levels (figure 2). 
In figure 3 the regression equations of this study are compared to previous 
studies in which Q was determined by the same CO2 rebreathing technique, 
however, during leg exercise. This figure illustrates that the relationship between Q 
and VO2 is different between arm and leg exercise. 
Discussion 
This study evaluates the validity of the CO2 rebreathing method in determining Q 
during arm exercise at a range of submaximal exercise levels. The reproducibility 
and validity of this method are well-established during steady-state leg exercise, 
and it is assumed that this is the case during steady-state arm exercise as well. 
However, cardiac and pulmonary characteristics during arm exercise are different 
from those during leg exercise (Sawka 1986). In addition, many of the muscles 
which contribute to the power output of upper body exercise are accessory 
respiratory muscles, and this dual function could affect respiratory performance 
during rebreathing. It is, therefore, necessary to evaluate the validity of the method 
during arm exercise, whereas the reproducibility of the method will not be affected 
as verified by Kinzer and Convertino (1989). 
In this study, determinations of Q were performed during steady-state exercise as 
recommended by several investigators (Collier 1956; Van Herwaarden et al. 1980; 
Da Silva et al. 1985). However, recently some investigators (McKelvie et al. 1987; 
Auchincloss et al. 1991) have suggested that determination of Q by the equilibrium 
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C02 rebreathing method is also valid and reproducible during progressive exercise. 
The three ways of estimating PaCOj and calculating Q, as described in this 
study, show strong correlations and no significant differences according to the 
Pearson's correlation coefficients. This suggests good agreement among these three 
ways of calculating Q. 
0.7 0.9 1.1 1.3 1.6 1.7 1.9 2.1 2.3 2.5 2.7 2.9 
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McElvaney - $ - Van Herwaarden - * - Zeldlfard 
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Figure 3 
Regression equations for cardiac output (Q) determined by the C02 equilibrium 
rebreathing method to oxygen uptake (VOJ during leg and arm exercise. Leg 
exercise: y= 3.0 + 5.8x (Zeidifard et al. 1972); y= 4.9 + 5.3x (Van Herwaarden 
et al. 1980); y= 2.9 + 5x (McElvaney et al. 1989). Arm exercise: (Qa) y= 9.3x, 
(Qb) y= 2.4 + 8.7x and (&) y= 1.3 + 9.3x (this study, Hopman A, B, C). 
The regression equations demonstrated that at low exercise levels a slight 
underestimation of Qa was obtained, which could be explained by an 
overestimation in Ра.С02 by the modified Bohr formula. This may result from an 
overestimation of the physiological dead space, derived from the relationship 
between physiological dead space and tidal volume according to Asmussen and 
Nielsen (1956) and probably due to a relative hyperventilation at these low exercise 
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levels. At moderate and high exercise levels, Qa, Qb and Qc show strikingly good 
agreement with results of the direct Pick method, although they are lower 
compared to Q determined by the exponential CO2 rebreathing method and are 
higher than the Q determined by the dye dilution technique and the impedance 
cardiography. It appears, therefore, that at the higher exercise levels when the 
ventilation-perfusion ratio is more uniformly distributed over the lungs, the CO2 
rebreathing method becomes more accurate. Despite a slight deviation of Qa, Qb 
and Qc from the direct Pick method-derived values for Q, the CO2 rebreathing 
method, as described in this study, shows greater similarity with the direct Pick 
method than all other procedures. 
Comparison of Q determined by the equilibrium COj rebreathing method during 
arm exercise and during leg exercise, (the latter being described in previous 
investigations, Zeidifard et al. 1971; Van Herwaarden et al. 1980; McElvaney et 
al. 1989), illustrates a dependency of the Q-VO, relationship on the mode of 
exercise (figure 3). At a given oxygen uptake (> 1.3 l.min"1) Q is higher during 
arm exercise than during leg exercise. In other words, at higher exercise levels the 
arterial to mixed venous oxygen content difference is lower during arm exercise 
than during leg exercise. This may be due to the smaller active muscle mass during 
arm exercise and the limited ability of arm muscles to utilise 02, whereas leg 
muscles are more used to aerobic metabolism both in daily life and in sports 
activities. 
All three methods proved to be valid compared to the alternative methods used to 
determine Q during arm exercise. The decision of selecting the best way to 
estimate РаСОг for determination of Q during arm exercise is not clear-cut. 
However, in clinical settings equipped with a CO, analyzer and an automatic gas 
analyzer, Qa is preferable since it yields good values at moderate exercise levels 
with a predictive equation able to account for 77 % of the variance for V02 and a 
SEE of only 1.57. According to previous investigations during leg exercise, it is 
the most likely solution for determining Q when pulmonary function is normal 
(Godfrey and Davies 1970). Qb turned out to be a valid method for determining Q 
during arm exercise (prediction of variance 65% and SEE 1.97), although for this 
method an arterialized blood sample taken during exercise is necessary. Qb, 
however, is a preferable method in testing patients with pulmonary restrictions 
(Mahler et al. 1985). Qc may be acceptable in subjects without pulmonary 
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restrictions especially at low oxygen uptake levels (prediction of variance 63% and 
SEE 2.20). The advantage of Qc is that all measurements can be performed simply 
by a rapid and linear CO2 analyzer and flow meter. Furthermore, Qc has the 
advantage that the "downstream" correction can be omitted since PaC02 and 
PvCOj have the same gas to blood gradient based on alveolar-capillary differences 
(Sawka et al. 1982). 
Conclusion 
The equilibrium C02 rebreathing method is a valid and convenient method for 
determining Q during arm exercise. Furthermore, this study illustrates that all three 
ways of estimating PaC02 are considered suitable for determining Q. 
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Summary 
The purpose of this study was to examine cardiovascular responses during arm 
exercise in paraplegics compared to a well-matched control group. Eleven male 
paraplegics (P) with complete spinal cord-lesions between T6 and T12 and eleven 
male control subjects (C), matched for physical activity, sport participation and age 
performed maximal arm-cranking exercise and submaximal exercise at 20%, 40% and 
60% of the individual maximal load (Wmax). Q was determined by the COj 
rebreathing method. Maximal oxygen uptake was significantly lower and maximal 
heart rate (HR) was significantly higher in Ρ compared to C. At the same oxygen 
uptake no significant differences were observed in Q between Ρ and C, however, 
stroke volume (SV) was significantly lower and HR significantly higher in Ρ than in 
C. The lower SV in Ρ could be explained by an impaired redistribution of blood and, 
therefore, a reduced ventricular filling pressure, which is due to venous blood pooling 
caused by an inactivity of the skeletal-muscle pump in the legs and lack of sympathetic 
vasoconstriction below the lesion. In conclusion, in Ρ maximal performance appears 
to be limited by a smaller active muscle-mass and a lower SV despite the higher 
maximal HR. During submaximal exercise, however, this lower SV is compensated 
by a higher HR and, thus, at the same submaximal oxygen uptake, Q is similar to the 
control group. 
Introduction 
Since cardiopulmonary function and expected life-span are less favourable in 
sedentary persons compared to physically-active ones, there is an increasing demand 
for sports in rehabilitation as well as in daily life activities of spinal cord-injured 
persons (Hjeltnes 1979; Glaser 1985; Shephard 1988; Compton et al. 1989). These 
physical activities mainly consist of arm exercise. Whereas the cardiovascular 
responses are well established for able-bodied subjects during leg-exercise on treadmill 
and bicycle, much less attention has been focused on cardiovascular responses during 
arm exercise in subjects unable to perform leg exercise. 
During exercise in able-bodied subjects, a redistribution of blood takes place in order 
to increase cardiac output and to supply the exercising muscles with blood. The 
increase in cardiac output is caused by an increase in stroke volume as well as in heart 
rate. In paraplegics, vasoregulation below the lesion and, therefore, the redistribution 
of blood, will be disturbed. The lack of sympathetic innervation below the lesion and 
the absence of the musculo-skeletal pump may result in a diminished increase in mean 
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systemic filling pressure and in end-diastolic ventricular volume. According to the 
Frank-Starling mechanism, this will result in a smaller increase in stroke volume 
compared to able-bodied subjects with effective redistribution of blood (Guyton 1973). 
Cardiovascular responses in paraplegics during arm exercise have been described in 
a few previous investigations. Results are conflicting, however, with regard to cardiac 
output. Hjeltnes (1977) and Davis and Shephard (1988) reported a lower cardiac 
output, whereas Sawka et al. (1980), De Bruin and Binkhorst (1984) and Kinzer and 
Convertino (1989) found the same cardiac output, and Jehl et al. (1991) found higher 
cardiac output, in paraplegics compared to able-bodied subjects at the same oxygen 
uptake. The different findings can be partly explained by variety in level and 
completeness of the spinal cord-lesions and differences in physical fitness of the 
paraplegic subjects among those investigations. Paraplegic subjects with spinal cord 
lesions above T6 (Jehl et al. 1991) may have a partly disturbed cardiac sympathetic 
innervation and complete splanchnic sympathetic denervation, both of which will 
influence cardiovascular responses during arm exercise. Furthermore, due to the lack 
of a comparison group of able-bodied subjects in the studies of Hjeltnes (1977) and 
Davis and Shephard (1988), it is not known whether the results characterise an 
underestimation in cardiac output by the method used or whether paraplegic subjects 
have lower cardiac output at the same oxygen uptake. 
The purpose of this study was to examine cardiovascular responses (i.e. oxygen 
uptake, cardiac output, stroke volume, and heart rate) to arm-cranking exercise in a 
more defined group of paraplegic subjects with complete spinal cord-lesions between 
T6 and T12 compared to a control group matched for age, physical activity and type 
of training. If venous blood pooling affects cardiovascular responses in paraplegics, 
differences in responses to arm exercise will be observed between groups. 
Materials and methods 
Subjects 
Eleven male paraplegic subjects with complete spinal cord-lesions and eleven male 
control subjects participated in this study. All subjects gave their written informed 
consent. The study was approved by the Faculty Ethical Committee. The level of the 
spinal cord-lesions of the paraplegics was between T6 and T12, thus, cardiac 
sympathetic innervation will be unaffected, suggesting a basically normal regulation 
of intrinsic cardiac function. The control group consisted of five wheelchair bound 
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individuals, with permanent injury of the knee or foot, and six able-bodied subjects. 
Paraplegics and the wheelchair bound controls participated at comparable competitive 
sport levels and their training status with regard to type and duration was almost 
identical. Both groups used a wheelchair for moving and sport. The disabilities in both 
groups existed for at least four years. The able-bodied subjects were selected on 
training status and age. 
Since responses to maximal and submaximal arm exercise were not significantly 
different between the wheelchair bound controls and the able-bodied subjects, it was 
allowed to combine these eleven subjects. In other words, this control group 
physically matched with the paraplegics with the exception of the spinal cord-lesion. 
Their characteristics are summarized in table 1. The subjects underwent a 
comprehensive medical examination. This examination included a 12-lead electro­
cardiogram, cardiac and pulmonary auscultation, detailed physical and medical history 
and, for the paraplegics, a brief senso-motoric neurological examination in order to 
verify the level and completeness of the lesion as reported in their medical file. From 
this examination no impediment for participation in this study was found. 
Protocol 
All subjects visited the laboratory twice within one week. On both occasions, 
temperature in the experimental room was maintained between 21 "С and 220C with 
a 45-50% relative humidity. At least two hours prior to each test, subjects restrained 
from caffeine, alcohol and nicotine. 
On the first occasion, subjects were weighed in the sitting position on a hospital 
scale, while body length was taken from the medical file. Each subject performed 
maximal arm-cranking exercise using a continuous multistage protocol, with a 
frequency of 60 revolutions per minute (Hardison et al. 1987). Power output increased 
by 10 watt (W) every minute beginning at 10 W until exhaustion in order to determine 
maximal oxygen uptake ( ОгітіахХтеап oxygen uptake of the last minute) and 
maximal power output (Wmax). The test was terminated when, even after verbal 
encouragement by the examiner, the subject was unable to maintain the frequency of 
60 revolutions per minute. Heart rate, base excess and respiratory exchange ratio were 
used as objective criteria for maximal exercise. 
During the second visit, each subject performed submaximal arm exercise at 20%, 
40% and 60% of his individual maximal power output. Each bout of exercise lasted 
7 minutes with a 5 minute recovery period. Steady state exercise during the 6th and 
7th minute was verified by oxygen uptake, ventilation and heart rate. 
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Materials 
Exercise was performed, sitting in a wheelchair fixed to the floor, at an electro­
magnetic arm-crank ergometer (modified cycle ergometer. Lode, Groningen, The 
Netherlands). The axis of the crank unit was adjusted to shoulder height. During the 
revolution, the arms were at no time fully extended. 
Measurements 
During the tests, oxygen uptake (VO2), carbon dioxide output (VC02), respiratory 
exchange ratio (R) and expired air ventilation (Ve) were measured continuously and 
averaged over 30 second-intervals, by an automatic gas analyzer (Oxycon IV, 
Mijnhardt, Bunnik, The Netherlands). This gas analyzer included a dry gas-meter with 
a paramagnetic 0 2 and infra-red CO2 analyzer, daily calibrated with gas mixtures 
analyzed by the Scholander technique. A Hans Rudolph valve was connected to a 
three-way stop-cock used for switching from outdoor air to the rebreathing bag when 
the rebreathing procedure commenced. ECG and heart rate (HR) were recorded 
continuously using a cardiotachometer. 
During the last minute of each bout of exercise and three minutes after termination 
of maximal exercise, blood gases were determined in a capillary ear-lobe blood 
sample, after rubbing the ear-lobe with a vasodilating ointment. Hydrogen ion activity 
(pH), carbon dioxide partial pressure (PCO2) and oxygen partial pressure (POj) were 
measured (IL Blood Gas Analyzer, model 1312). Base excess (BE) and oxygen 
saturation (%S02) were calculated using pH, PCOj, POj and concentration of 
hemoglobin, the latter measured by the Hemocue (Kwant et al. 1987). 
At each submaximal steady-state exercise level cardiac output (Q) was determined 
by the COj rebreathing method according to Collier (1956). In order to obtain mixed 
venous carbon dioxide tension (PvCOi) a rapid and linear C 0 2 analyzer (Capnograph 
Godart type MO, de Bilt, The Netherlands) was used to measure the CO2 plateau 
during rebreathing. The quality of the PCOj plateau was verified using a computer 
algorithm in which both variation of the signal and the length of the plateau were 
compared to predetermined values (Van Herwaarden et al. 1980). A correction for 
alveolar-arterial PCOj differences was applied (Jones et al. 1969). Arterial carbon 
dioxide tension (PaC02)was calculated via the modified Bohr-formula for physiological 
dead-space. C 0 2 concentration was calculated from PC0 2 using the CO2 dissociation 
curve, corrected for changes of pH and BE during exercise. Arterial to mixed venous 
oxygen content difference (Да- О,) was calculated by dividing Q into V0 2 . Stroke 
Volume (SV) was calculated by dividing HR into Q. 
36 Chapter 3 
Statistical analysis 
A Student's t-test was applied to assess the significance of differences (i) in physical 
characteristics, (ii) in responses to maximal and submaximal arm-cranking exercise 
between paraplegic and control subjects and, (iii) in responses between wheelchair 
bound and able-bodied subjects within the control group. A probability < 5% was 
used to establish statistical significance. 
Table 1 
Physical characteristics and physiological responses to maximal arm exercise in 
paraplegic subjects and in control subjects. * ρ < 0.05 
Age (yr) 
Height (cm) 
Body mass (kg) 
Oxygen uptake 
(l.min1) 
Heart rate 
(beat, min"1) 
Resp. exchange ratio 
Base excess (mEq.l"1) 
Power output (Watt) 
Paraplegic subjects 
29 ± 8 
181 ± 7 
66 ± 9 
2.14 ±0.34 
189 ± 8 
1.12 ± 0.09 
-11.7 ±2.6 
133 ± 16 
Control subjects 
32 ± 6 
179 ± 9 
71 ± 10 
2.78 ± 0.36 * 
181 ± 9 * 
1.11 ± 0.07 
-11.2 ±2.8 
147 ± 17 
Results 
The physical characteristics for the paraplegic and control subjects, presented in table 
1, were not significantly different. 
Compared to objective criteria for maximal exercise (HR> 170 beats.min"1, BE<-
lOmEq.l"1, R> 1.00; Sawka 1986), all subjects met two of three criteria, their effort, 
thus, being considered to be maximal. Paraplegics showed a significantly lower 
V02max compared to the control group. Wmax was slightly higher in the control 
group although not significantly so. At the termination of the maximal test HR was 
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significantly higher in paraplegics. (Table 1) 
Table 2 presents the physiological responses to submaximal arm-cranking exercise 
at 20%, 40% and 60% Wmax, for both groups. V02, Ve and HR were not 
significantly different between the 6th and 7th minute, suggesting steady state 
conditions. Due to the higher V02max, Q and V02 at 20%, 40% and 60% Wmax 
were higher in the control group. At the same V02, however, Q was not significantly 
different between both groups (figure 1). 
TableZ 
Physiological responses to submaximal arm exercise at 20%, 40% and 60% Wmax, 
in paraplegic subjects and control subjects. Δα- ν 02 = arterial-mixed venous oxygen 
content difference. * ρ < 0.05, at the same oxygen uptake 
Oxygen uptake 
(l.min1) 
Cardiac output 
(l.min1) 
Heart rate 
(beat.min1) 
Stroke volume 
(ml) 
Да-7о2 
(ml.lOOml') 
Wmax 
% 
20% 
40% 
60% 
20% 
40% 
60% 
20% 
40% 
60% 
20% 
40% 
60% 
20% 
40% 
60% 
Paraplegic subjects 
0.73 ± 0.06 
1.04 + 0.09 
1.43 + 0.14 
7.2 + 1.1 
10.0 + 1.6 
12.9 ± 1.8 
95 + 14 
113 ± 15 * 
139 ± 13 * 
78 ± 15 
88 + 10 * 
94 + 18 * 
10.1 ± 1.7 
10.4 + 1.9 
11.1 + 1.9 
Control subjects 
0.78 ± 0.13 
1.18 + 0.19 
1.67 + 0.26 
8.0 ± 1.6 
10.9 + 2.4 
15.8 ± 3.5 
87 ± 12 
102 ± 11 
126 ± 12 
94 ± 26 
109 + 28 
127 ± 32 
9.8 ± 2.5 
10.8 ± 2.4 
10.6 + 2.7 
Although Q is the same in paraplegics and the control group during submaximal 
exercise, this is achieved by marked differences in the HR and SV relationship (figure 
1). In other words, paraplegics showed significantly lower SV and significantly higher 
HR at a given submaximal V02 (40% and 60% Wmax) compared to the control 
subjects (table 2). 
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Bloodgases were not significantly different between either group during maximal or 
submaximal exercise. 
Discussion 
The present study compares cardiovascular responses during arm-cranking exercise 
of paraplegic subjects and control subjects. In order to present a well-matched 
comparison, the control group existed of five wheelchair bound subjects, due to 
chronic lower extremity disability, and six able-bodied subjects. These control subjects 
and paraplegics were matched for age, weight, activity level and training status. The 
control subjects, however, had no spinal cord-injury and, therefore, an intact 
sympathetic nervous system and an active leg muscle pump. 
Maximum exercise test 
Maximal power output was not significantly different between paraplegic and control 
subjects whereas maximal oxygen uptake was significantly higher in the control group. 
Some control subjects were less familiar with prolonged arm exercise which could 
explain the only slightly higher maximal power output. The lower maximal oxygen 
uptake in paraplegics could be partly explained by a smaller active muscle mass in 
paraplegics due to the lack of active stabilization of the body using leg and trunk 
muscles whereas the controls will use these muscles for stabilization during maximal 
exercise. Furthermore, the disturbed vasoregulation below the lesion may contribute 
to venous blood pooling in legs and abdomen. For this reason, redistribution of blood 
will be impaired and the increase in cardiac preload will be reduced. Consequently, 
stroke volume remains low and is a limiting factor for maximal cardiac output and, 
therefore, also for maximal oxygen uptake. The maximal oxygen uptake of the 
paraplegics in this study is comparable to values reported in previous investigations 
(Zwiren and Bar-Or 1975; Binkhorst et al. 1984; Coutts et al. 1985; McConnell et al. 
1989), and higher compared to values reported in other investigations (Glaser et al. 
1980; Wick et al. 1983; Gass and Camp 1984; Van Loan et al. 1987; Burkett et al. 
1990). These differences may result from differences in cardiovascular fitness and in 
level and completeness of the spinal cord-lesions in the paraplegics, the ratio of men 
to women, the protocol used and/or the criteria adopted for maximal exercise (Bergh 
et al. 1976, Burkett et al. 1990). Maximal heart rate in paraplegics was significantly 
higher than in the control group, which may be explained by a systemic higher cardiac 
sympathetic activity during exercise in paraplegics in compensation for the lower mean 
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systemic filling pressure due to the disturbance in redistribution of blood (Kinzer and 
Convertino 1989). 
Cardiac output va Oxygen uptake 
0 (I inliT') 
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subjects 
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Figure 1 
Cardiac output (Q) in l.min', stroke volume (SV) in ml and heart rate (HR) in 
beats.min' versus oxygen uptake (VO2) in l.min', at 20%, 40% and 60% Wmax, in 
paraplegic subjects and in control subjects. 
Submaximum exercise tests 
Cardiac output was determined by the CO2 rebreathing method during submaximal 
steady state arm-cranking exercise. Steady-state exercise is essential to maintain the 
equilibrium in alveolo-capillary C02 tension necessary for this rebreathing method. 
Cardiac output at the same oxygen uptake did not differ significantly between both 
groups. 
Stroke volume was significantly lower in paraplegics compared to the control group 
at the same oxygen uptake. The higher stroke volume in able-bodied subjects could 
result from large-muscle-group training with a more 'central' training effect than only 
arm-training. Stroke volume in the wheelchair bound subjects, however, was also 
significantly higher than in paraplegics despite similar training for these disabled 
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groups. The lower stroke volume in paraplegics with a complete lesion may be due 
to the lack of sympathetic vasomotor regulation below the lesion and the absence of 
the musculo-skeletal pump in the legs, causing a pooling of blood in the capacitance 
veins of the legs and abdomen. This will contribute to an impaired redistribution of 
blood and, therefore, to a reduced filling pressure and a diminished end-diastolic 
ventricular volume. Consequently, the myocardium contracts on a less efficient part 
of the ventricular function curve and stroke volume will not increase in paraplegics 
as in other subjects with normal redistribution of blood. 
Experiments of Davis et al. (1990) using functional neuromuscular stimulation (FNS) 
of the paralysed leg muscles in paraplegics showed an increase in stroke volume and 
cardiac output during arm exercise with FNS. In a previous investigation, the use of 
an antigravity suit to apply external pressure on the legs and abdomen in paraplegics 
in order to decrease venous capacitance below the lesion (Hopman et al. 1991), 
resulted in a significantly decreased heart rate and an increased stroke volume at the 
same oxygen uptake. Both studies strongly support the existence of venous blood 
pooling below the lesion. 
QO.min 1 ) 
dala literature - t - Davla (IA) 
Hopman (С) -ь- HJeltne* 
V02 (LmliiГ ) 
- * - Davla (A) 
- s - Jehl 
- * - Hopman (Ρ) 
Figure 2 
Cardiac output (Q) in l.min' versus oxygen uptake (ΫΟ^ in l.min' as reported in 
several investigations. Hyper=hyperkinetic circulation, iso=isokinetic circulation, 
hypo=hypokinetic circulation. Data literature=Qin able-bodied subjects during arm 
exercise as reported in literature (Sawka 1986), Ρ = paraplegics (this study), 
С'=control subjects (this study), IA= inactive paraplegics, A=active paraplegics. 
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Heart rate in paraplegics was significantly higher than in the control group at similar 
levels of oxygen uptake. The higher heart rate in paraplegics appears to compensate 
for the lowered stroke volume (figure 1). The finding that cardiac output did not differ 
between both groups at the same oxygen uptake, indicates that in comparison to a 
matched control group, paraplegics show neither hyperkinetic nor hypokinetic 
circulation, which is in agreement with previous investigations (Sawka et al. 1980; De 
Bruin and Binkhorst 1984; Kinzer and Convertino 1989), but conflicts with some 
other studies (Hjeltnes 1977; Davis and Shephard 1988; Jehl et al. 1991) (figure 2). 
Hjeltnes (1977) reported a hypokinetic circulation (lower Q at the same VOj) in nine 
paraplegics with lesions between T6 and T12. Davis and Shephard (1988) mentioned 
also a slightly hypokinetic circulation in a group of fifteen highly active and in a 
group of fifteen inactive paraplegics with lesions between T5 and L2. Both studies 
compared the results of the paraplegic subjects to data reported in literature for able-
bodied subjects during arm exercise. In contrast, Jehl et al. (1991) reported a 
hyperkinetic circulation (higher Q at the same V02). Cardiac output was determined 
at 50%, 75% and 100% VC^max using the C 0 2 rebreathing method. Steady state 
exercise, however, is a prerequisite for this technique and will not be achieved at 
100% V02max. In addition, the paraplegic subjects had spinal cord-lesions between 
T2 and T6, which, although the completeness of the lesion was not reported, may 
have included a disturbance in cardiac sympathetic innervation, influencing cardiac 
regulation during exercise. 
A hypokinetic circulation implies a higher arterial-mixed venous oxygen content 
difference (Да- 0 2) at the same oxygen uptake in paraplegics. In this case, at the 
same arterial oxygen content, the mixed venous oxygen content should be lower in 
paraplegics despite the paralysed part of the body with a lower oxygen extraction rate. 
A higher Да- 0 2 i
n
 paraplegics, therefore, seems unlikely. In the present 
investigation, at the same oxygen uptake, Да-νΌ2 showed no significant differences 
between groups. It is worthwhile to note that in all these studies Да- 0 2 values were 
calculated from Q and V0 2 . 
The differences in results of the mentioned investigations may be partly explained 
by differences in the applied exercise levels. Hjeltnes (1977) and Davis and Shephard 
(1988) tested at levels up to 90% of V02max, whereas in the present study levels 
between 20% and 60% of Wmax were used, and Kinzer and Convertino (1989) tested 
only at 45% V02max. At higher exercise levels, heart rate may be no longer able to 
compensate the lower stroke volume, and circulation becomes hypokinetic. Another 
explanation may be the different methods used for determining cardiac output. 
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Furthermore, not all studies have included an able-bodied control group, to verify the 
reliability of the results from the method used. Cardiac output of the control subjects 
in this study was comparable to cardiac output of able-bodied subjects during arm 
exercise, as reported in literature (Sawka 1986). Lastly, differences in the level and 
completeness of the lesion and differences in physical fitness of the subjects will 
undoubtedly influence the results. The present study clearly demonstrates the 
compensatory cardiovascular responses in a more defined group of paraplegic 
subjects. 
Conclusion 
Although paraplegic subjects demonstrated no differences in cardiac output, stroke 
volume was significantly lower and heart rate was significantly higher, at the same 
submaximal oxygen uptake compared to a group of well-matched control subjects. The 
lower stroke volume during submaximal exercise, most probably due to venous blood 
pooling, is compensated by a higher heart rate. The reduced maximal oxygen uptake 
in paraplegics is believed to result from both a smaller active muscle mass during 
maximal exercise and the lower stroke volume which appears to be a limiting 
mechanism in maximal cardiac output. 
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Summary 
The purpose of this investigation was to compare cardiac output (Q) in paraplegic 
subjects (P) with able bodied subjects (ABS) at high levels of arm exercise. At low 
and moderate exercise levels an isokinetic circulation (the same Q at a given oxygen 
uptake (V02) compared to ABS) is reported in P. At high exercise levels, however, 
the circulation in Ρ is suggested as being hypokinetic (a lower Q at a given V02 
compared to ABS). Eleven male Ρ with complete spinal-cord lesions between T6 and 
T12 and five well-matched control subjects (C) performed maximal arm-cranking 
exercise and submaximal exercise at 50%, 70% and 80% of the individual maximal 
power output (Wmax). Maximal VO2 (V02max) was significantly lower, V02max per 
kilogram body mass was equal and maximal HR was significant higher in Ρ compared 
to С At a V02 of 1.3, 1.5 and 1.7 1 · min ' and for Ρ 65-90% of the V02max, Q was 
not significantly different between either group, although, Q in Ρ was achieved with 
a significantly lower SV and a significantly higher HR. Although the SV was lower 
in P, it followed the same pattern as SV in ABS during incremental exercise, i.e. an 
increase in SV until about 45% Wmax and thereafter a stable SV. The similar Q at 
a given V02 in both groups indicated that, even at high exercise levels, circulation in 
Ρ can be considered isokinetic with a complete compensation by HR for a lower SV. 
Introduction 
During exercise in able-bodied subjects (ABS), a redistribution of blood takes place 
in order to elevate mean ventricular filling pressure, augment cardiac output (Q) and 
supply the exercising muscles with blood (Sawka 1986; Rowell 1990). In paraplegic 
subjects (P), however, the redistribution of blood during arm exercise is reported to 
be disturbed, probably due to the lack of sympathetic innervation below the spinal-
cord lesion and the inability to activate the muscle pump in the legs (Hjeltnes 1977; 
Davis and Shephard 1988; Kinzer and Convertino 1989 and Hopman et al. 1992a). 
This may result in a diminished increase in end-diastolic ventricular volume and, 
according to the Frank-Starling mechanism, in a lower stroke volume (SV) compared 
to ABS (Hopman et al. 1992a). In compensation for the lower SV heart rate (HR) 
increases rapidly in P. This compensation by HR, however, is reported to be either 
incomplete, complete or even overcompensatory, which may result in a lower, an 
equal or a higher Q in Ρ compared to ABS at a given oxygen uptake (the so-called 
hypo-, iso- and hyperkinetic circulation, respectively), as referred to by Hopman et 
al. (1992a). 
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The variation in Q found by different investigators could be the result of differences 
in the level and completeness of spinal cord lesions, in the physical fitness of Ρ and 
in the methods used to determine Q. Moreover, the different levels of exercise used 
in these studies may play an important role in the variation in Q. 
Since, it is conceivable that at low and moderate exercise levels HR completely 
compensates for the lower SV, an equal Q can be measured in Ρ compared to ABS 
(De Bruin and Binkhorst 1984; Kinzer and Convertino 1989; Hopman et al. 1992a). 
At higher exercise levels, however, HR may probably fail to compensate completely 
for SV and, therefore, cause a hypokinetic circulation as reported by Hjeltnes (1977) 
and Davis and Shephard (1988). These investigators compared Q in Ρ at high exercise 
levels with Q in ABS from literature. Due to the absence of a control group, it is not 
known whether the lower Q results from the use of different methods in determining 
Q or from Ρ subjects actually possessing a lower Q at high exercise levels in 
comparison with ABS. 
The purpose of this study was, therefore, to compare Q at high exercise levels in 
an exactly defined group of Ρ with complete spinal cord lesions between T6 and T12 
to Q in a well-matched group of control subjects. It may be hypothesised that at high 
exercise levels, at a given V02, Q is lower in Ρ than in ABS, as result of an 
incomplete compensation by HR for a lower SV. 
Materials and methods 
Subjects 
Eleven male paraplegic subjects (P) and five male control subjects (C) participated 
in this study after giving their written informed consent. The study was approved by 
the Faculty Ethics Committee. 
Ρ had complete spinal cord lesions between T6 and T12 (2 subjects T7; 3 subjects 
T8, T9 and TIO, respectively; 6 subjects T12) and, thus, cardiac sympathetic 
innervation will not be affected, suggesting a basically normal cardiac regulation. The 
С group consisted of wheelchair-dependent subjects, due to permanent knee or hip 
injuries. These subjects used their wheelchair, similarly to Ρ subjects, for daily living 
and sport. Both P- and С subjects were well-trained wheelchair-athletes with almost 
identical training levels and were matched for age. The disabilities in both groups had 
existed for at least two years. In other words, Ρ and С subjects were well-matched 
with the exception of the spinal-cord lesion. The subjects underwent a medical 
examination, including a 12-lead cardiogram, cardiac and pulmonary auscultation and 
46 Chapter 4 
for Ρ subjects a neurological examination in order to establish the level and comple­
teness of the spinal cord lesion. None of the subjects had any cardiopulmonary disease 
or used medicines likely to affect the results. 
Table 1 
Physical characteristics of paraplegic and control subjects (mean ± SD). 
*p < 0.05 
Age (yr) 
Height (cm) 
Body mass (kg) 
Skinfold thickness 
(mm) 
Sports activities 
(hr-wk1) 
Paraplegic subjects 
(n = ll) 
33.7 ± 8.0 
181 ± 4 
66.1 ± 10.7 * 
29.9 ± 8.6 
6 ± 2 
Control subjects 
(n=5) 
35.4 ± 4.3 
183 ± 9 
79.0 ± 7.8 
28.8 ± 7.2 
8 + 2 
Protocol 
This investigation included two arm-cranking tests, first a maximal exercise test and 
within a week a submaximal exercise test. During both occasions, temperature and 
relative humidity in the experimental room were maintained constant, 20-22oC and 
45-50%, respectively. The subjects refrained from nicotine, caffeine and alcohol for 
at least two hours prior to the test. Arm-cranking exercise was performed at an 
electro-magnetic arm-crank ergometer (modified cycle ergometer, Lode, Groningen, 
The Netherlands), sitting in a wheelchair. The crankshaft was adjusted to shoulder 
height and during cranking the elbow was at no time fully extended. The lower-limb 
position was standardised in both occasions, so that the knees were bent in 90° 
flection with the feet on the ground. 
On the first occasion, the subjects were weighed in a sitting position on a hospital 
scale and skinfold thickness was measured as the sum of four skinfolds (biceps, 
triceps, subscapular, suprailiac) (Holtain Ltd., Crymmych, Pembs., U.K.). Body 
height was taken from the medical files. Each subject performed maximal exercise, 
using a continuous multistage-increasing protocol (10 watt·min') with a cycle 
frequency of 60 rpm (Washburn and Seals 1983). In order to determine the maximal 
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power output (Wmax) during the last minute and the maximal oxygen uptake 
(VC^max), taken as the mean oxygen uptake during the last minute, the test was 
terminated when, even after verbal encouragement by the examiner, the subject was 
unable to maintain the frequency of 60 rpm. A heart rate exceeding 170 beats •min', 
base excess less than -10 mEq·!"' and respiratory exchange ratio greater than 1.00 
were used as objective criteria for maximal exercise (Sawka 1986). Each subject had 
to meet at least two out of these three criteria. 
During the second visit, the subjects performed arm-cranking exercise at 50%, 70% 
and 80% of their individual Wmax. Each exercise bout lasted 6 minutes, 2 minutes 
to increase the power output in four steps to the specified exercise level and four 
minutes to achieve steady-state conditions. Steady-state exercise during the last two 
minutes of each exercise level was verified by oxygen uptake (VO2), carbon dioxide 
output (VC02) and heart rate (HR). Between bouts, the subjects had a 7 minute 
recovery period. 
Measurements 
During both tests, VO,, VCO2 and pulmonary ventilation (VE) were measured 
continuously and averaged over 30 s intervals, by an automatic gas analyzer (Oxycon 
IV, Mijnhardt, Bunnik, The Netherlands). The gas analyzer uses a paramagnetic 0 2 
analyzer and an infra red СО
г
 analyzer to measure the %02 and %C02 in the expired 
air. The gas analyzer was calibrated daily with a gas mixture analyzed by the 
Scholander technique. 
HR and ECG were monitored continuously and recorded every 30 s during both tests 
using a cardiotachometer. 
Blood gases were measured three minutes after termination of maximal exercise and 
during the last minute of each submaximal exercise level in an arterialized ear-lobe 
blood sample after rubbing the ear-lobe with a vasodilatating ointment (IL Blood Gas 
Analyzer, model 1312, Instrumentation Laboratory, Lexington, MA). 
At the end of the last minute of each submaximal exercise level Q was determined 
by the CO2 rebreathing method according to Collier (1956) and as described by Van 
Herwaarden (1980). The values of arterial carbon dioxide content (СаСОг) and the 
mixed venous carbon dioxide content (CvCOj) were obtained by translating arterial 
carbon dioxide pressure (РаСОг) and mixed venous carbon dioxide pressure (Р СОг) 
into СаСОг and С ν CO2 respectively, using the CO, dissociation curve, corrected for 
pH and BE. The РаСОг was calculated using the modified Bohr formula for 
physiological dead space. The PvCOj was obtained from the COj plateau during 
48 Chapter 4 
rebreathing with an additional correction for alveolar-arterial PC02 difference (Jones 
1969). The C02 plateau was measured by a rapid and linear C02 analyzer (Capno-
graph Godart type MO, de Bilt, The Netherlands), whereas the quality of the CO2 
plateau was verified using a computer algorithm in which variation of the signal as 
well as the length of the plateau were compared with predetermined values (Van 
Herwaarden et al. 1980). SV was calculated by dividing HR into Q. 
Statistical analysis 
A Student's t-test was applied to determine differences between Ρ and С in physical 
characteristics, in responses to maximal exercise and in responses to submaximal 
exercise at 50%, 70% and 80% Wmax and at a given V02 (1.3, 1.5 and 1.71-min1)· 
The latter was obtained by restricted inter- and extrapolation of Q and V02 for each 
subject. Statistical significance was accepted with a two-tailed probability at ρ < 0.05. 
Results 
The physical characteristics of the subjects are summarised in table 1. Age, skinfold-
thickness, height and sports activities were not significantly different between both 
groups, whereas body mass was 17% lower in Ρ (p<0.05) compared to С (table 1). 
In table 2 the results of the maximal exercise test are shown. Each subject met at 
least two of the three objective criteria for maximal exercise, indicating that their 
efforts can be considered maximal. Wmax and V02max were significantly lower in 
P, 77% and 73% respectively of C, whereas V02max per kilogram body mass was 
equal for both groups. HR was 6% higher in Ρ than in С (p<0.05) at the termination 
of the maximal test (table 2). 
Table 3 gives the physiological responses to submaximal exercise at 50%, 70% and 
80% of the Wmax. V02, VC02 and HR showed slight increases during the 5th and 
6th minute of each exercise bout (less than 3%, 4% and 2%, respectively), but still 
within the range for steady-state conditions. Q and V02 at 50%, 70% and 80% of the 
Wmax were significant lower in Ρ compared to C. Whereas at a given VO2 of 1.3, 
1.5, 1.7 I-min"1 (for Ρ between 65% and 90% of their V02max) both groups showed 
no significant differences in Q (figure 1), SV was 30% lower and HR 35% higher in 
Ρ compared to С (ρ < 0.05). 
No significant differences were found in blood gases between either group during 
maximal or submaximal exercise. 
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Table 2 
Physiological responses to maximal arm-cranking exercise in paraplegic and control 
subjects (mean ± SD). * ρ < 0.05 
Max. Power Output 
(Watt) 
Max. Oxygen Uptake 
(bmin 1 ) 
Max. Oxygen Uptake/ 
Body Mass 
(ml-min' 'kg') 
Heart Rate 
(beat'min"1) 
Base Excess 
(mEq-l1) 
Respiratory Exchange Ratio 
Paraplegic subjects 
123 ± 20 * 
1.94 ± 0.41 * 
30.0 ± 7.4 
185 + 7 * 
-11.1 ± 1.6 
1.25 ± 0.12 
Control subjects 
160 ± 24 
2.67 ± 0.31 
34.3 ± 7.3 
175 ± 6 
-11.5 ± 1.6 
1.23 ± 0.05 
Discussion 
This investigation compared cardiovascular responses to high levels of submaximal 
arm exercise between a specifically-defined group of paraplegic subjects (P) and a 
well-matched control group (C) with almost identical physical characteristics. Since 
physiological responses to exercise in С are the same as those in ABS (Hopman et al. 
1992a) and, in addition, С had sports and daily living activities comparable to P, these 
С subjects acted as an excellently-matched control group to Ρ subjects differing only 
in the spinal cord injury. 
Maximal exercise test 
Since height and skinfold-thickness were equal in the Ρ and С groups it seems 
reasonable to conclude that the reported difference in body mass is mainly a result of 
the muscle atrophy of the lower limbs in Ρ subjects. This loss of active muscle mass 
may also explain the lower Wmax and Огіпах during maximal exercise in Ρ 
compared to C, because the С group will use their leg and trunk muscles for 
stabilisation and as a fulcrum to increase their maximal performance. This explanation 
is supported by an equal VOjmax for Ρ and С when corrected for body mass 
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differences, i.e. VOzmaxkg"1, indicating a comparable muscle training status for both 
groups. 
Table 3 
Physiological responses to submaximal arm-cranking exercise at 50%, 70% and 80% 
of maximal power output (Wmax) in paraplegic and control subjects (mean ± SD). 
*p < 0.05 
Oxygen Uptake 
(V02) 
(I-min-1) 
Cardiac Output 
(Q) 
(I-min-1) 
Stroke Volume 
(SV) 
(ml) 
Heart Rate 
(HR) 
(beat •min1) 
Wmax 
% 
50 % 
70 % 
80 % 
50% 
70 % 
80 % 
50 % 
70 % 
80 % 
50% 
70 % 
80 % 
Paraplegic subjects 
1.14 ± 0.15 
1.48 ± 0.23 
1.71 ± 0.25 
12.8 ± 2.5 
15.7 ± 3.2 
16.8 ± 2.7 
99 ± 20 
99 ± 22 
99 ± 17 
130 ± 10 
159 ± 10 
173 ± 7 
Control subjects 
1.53 ± 0.17 * 
2.05 ± 0.27 * 
2.30 ± 0.26 * 
18.8 ± 4.2 * 
22.8 ± 6.1 * 
22.6 ± 3.3 * 
164 ± 36 * 
165 ± 51 * 
146 ± 28 * 
115 ± 6 * 
140 + 7 * 
156 + 9 * 
The values of Огіпах of the Ρ subjects found in this study are in agreement with 
results of previous investigators who tested comparable Ρ subjects during arm-
cranking exercise (Zwiren and Bar-Or 1975; Gass and Camp 1984; Hopman et al. 
1992a). The significantly higher HRmax in Ρ subjects could be the effect of the 
venous blood pooling below the lesion in Ρ subjects, resulting in a reduced SV and 
a compensatory tachycardia at maximal exercise levels in order to increase Q (Kinzer 
and Convertino 1989; Hopman et al. 1992a). 
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Submaximal exercise test 
Due to the lower Wmax and V02max in P, values of VOj and Q during submaximal 
exercise at 50%, 70% and 80% Wmax were lower in Ρ compared to C. 
Q (LmirT) 
2β 
Figure 1 
Cardiac output (Q) in (I·min') at 
a given oxygen uptake (VO^ in 
(l· min') for paraplegic subjects 
(P ) and control subjects 
(C___J. 
45 
1.3 1.« · ' · ' , 
V02(l.mln ) 
At a given VO, during high exercise levels, however, Q in the Ρ group was not 
significantly different from the С group (figure 1), which implies that the circulation 
of Ρ subjects, even at high exercise levels can considered to be isokinetic in 
comparison with the circulation of С subjects. This is in contrast to the results of 
Hjeltnes (1977), Davis and Shephard (1988) and Jehl et al. (1991) (Figure 2). 
At exercise levels comparable to the present study, Hjeltnes (1977) and Davis and 
Shephard (1988) reported a hypokinetic circulation. Both studies compared Q of the 
Ρ subjects with data of ABS in the literature. It is, therefore, not quite clear whether 
Q is lower in Ρ or that the method used to determine Q yields an underestimation. An 
indication that the latter is indeed the case are the low SV values (calculated by 
dividing HR into Q) of the Ρ subjects, given their physical fitness status (Davis and 
Shephard 1988). 
Jehl et al. (1991) reported a hyperkinetic circulation in Ρ compared to ABS at high 
exercise levels. However, since these investigators tested Ρ subjects with higher levels 
of spinal cord lesions (between T1-T6) than the present study, the probability exists 
that the subjects in Jehl et al. (1991) study suffered from disturbed cardiac 
sympathetic innervation. 
Furthermore, the isokinetic circulation in Ρ at high exercise levels as found in the 
present study is in agreement with the results reported at low and moderate exercise 
levels (Sawka et al. 1980; De Bruin and Binkhorst 1984; Kinzer and Convertino 1989; 
Τ - - τ
c 
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Hopman et al. 1992a) (Figure 2). 
Q(l.miriι ) 
Study (С) 
Davis (АР) 
Study (Ρ) 
Davie (IP) 
Hopman (С) 
HJeltnee 
V02(|.min ) 
Hopman (Ρ) 
Jehl 
Figure 2 
Relationship between cardiac output (Q) (l-min1) and oxygen uptake (YOJ (l·miri') 
during arm exercise as reported by several investigators. The area between the two 
striped lines represents the range of ζ) in ABS during arm exercise (Àstrand et al. 
1964; Sawka 1986). [Study=this study, P=paraplegics, C=control subjects, AP= 
active paraplegics, IP=inactive paraplegics}. 
Although Q was the same in Ρ and С at a given VOj, Q was achieved by a marked 
difference in the SV-HR relationship. It is very interesting that although SV is lower 
in P, probably due to pooling of venous blood below the lesion, it follows the same 
pattern as SV in ABS. It is well known that SV in ABS increases by up to about 45% 
of the Wmax, after which a stable SV is achieved (Âstrand 1964). For P, an increase 
in SV has been reported up to exercise levels of 40%-50% Wmax (Hopman et al. 
1991, Hopman et al. 1992a), while the present study demonstrates that SV does not 
increase further between 50% and 80% Wmax. In spite of the low SV and lack of any 
further increase above 50% Wmax, Ρ subjects are still able to compensate by an 
increase in HR, which at V02 up to 90% of the V02max, results in an equal Q 
compared with С subjects. 
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The present study provides important additional information concerning circulatory 
behaviour in Ρ subjects at high exercise levels. 
Conclusion 
This study has demonstrated that even at high levels of exercise paraplegic subjects 
are able to compensate completely for a lower SV by an increase in HR and, 
therefore, can still achieve the same Q at a given VO2 as a well-matched control 
group. In addition, this study showed that SV in Ρ follows the same pattern as in ABS 
and, probably as a consequence of the low SV, tachycardia was observed at maximal 
exercise. 
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Summary 
The purpose of this study was to investigate cardiovascular responses in paraple­
gic subjects (P) during prolonged upper body exercise in a hot environment. In 
addition, the effect of the level of the lesion on paraplegic cardiovascular regulati­
on was studied. Four Ρ with lesions between T2-T6 (PI), five Ρ with T7-T8 lesi­
ons (P2), four Ρ with lesions between T9-T12 (P3), and ten control subjects (C) 
performed 45 minutes arm-cranking exercise at 40% of the individual peak power 
output, in a climatic room at 350C with a 70% relative humidity. From the 15th to 
the 45th minute cardiac output (Q) and oxygen uptake (V02) remained unaltered in 
all subjects, except a significant decrease of Q in PI. Stroke volume (SV) decrea­
sed significantly in both Ρ (-20%) and С (-18%) during the test. Heart rate (HR) 
increased in compensation for P2 (56%), P3 (65%) and С (55%), whereas HR in 
PI did not increase significantly. Haemoglobin concentration changes, representing 
total plasma volume changes, increased significantly in P2, P3 and С but not in 
PI. Weight loss and sweat rate increased relative to the sensate skin area and, thus, 
to the level of the spinal cord lesion (P<0.01). In conclusion, Ρ with lesions 
below T6 are able to maintain a stable Q by increasing HR to compensate for the 
declining SV during exercise in a hot environment. Ρ with lesions above T6 cannot 
fully compensate for the reduction in SV by an increase in HR, therefore, Q 
declines. 
Introduction 
While there is considerable documentation with regard to the effect of a hot 
environment on cardiovascular responses to leg exercise performed by able-bodied 
subjects (Rowell 1974; Nielsen et al. 1984), much less attention has been focused 
on such effects during upper body exercise (Nielsen 1968; Sawka et al. 1984; 
Pivarnik et al. 1988; Sawka et al. 1989), particularly when performed by persons 
unable to use their legs (Gass et al. 1981; Gass and Camp 1984; Gass and Camp 
1987; Fitzgerald at al. 1990). 
In able-bodied subjects a redistribution of blood takes place during leg exercise in 
a hot environment. Skin blood flow increases in order to improve heat loss by 
radiation, convection and evaporation. Increased skin blood flow and fluid loss will 
result in a reduced mean systemic filling pressure and in a decrease in end-diastolic 
ventricular volume (Nadel et al. 1980). Consequently, stroke volume will be 
reduced and heart rate may increase in compensation, the so called "cardiovascular 
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drift" (Rowell 1974). Thermal stress during upper body exercise may be higher 
compared to leg exercise at a given oxygen uptake due to cardiovascular disadvant-
ages (i.e., diminished venous return, greater reduction in plasma volume) (Sawka 
et al. 1984), in supporting thermoregulation. 
In spinal cord-injured subjects, mean systemic filling pressure could be lower 
during upper body exercise in a thermoneutral environment compared to able-
bodied subjects due to the absence of the leg muscle pump and the lack of sympa-
thetic vasoconstriction below the lesion, which results in a disturbed redistribution 
of blood and a venous blood pooling below the lesion (Sawka et al. 1989; Davis et 
al. 1990; Hopman et al. 1992a; Hopman et al. 1992b). During exercise in a hot 
environment, with an increased skin blood flow and a reduced plasma volume due 
to dehydration, mean systemic filling pressure will decrease further representing an 
extra load on the already burdened circulation of paraplegics. 
In addition, spinal cord-injured subjects have an impaired thermoregulatory 
ability due to loss of autonomic nervous system control for vasomotor and sudom-
otor responses in the areas of the insensate skin (Downey et al. 1967; Freund et al. 
1984). Since there is an increasing demand for sport and exercise in rehabilitation 
and in daily life activities in spinal cord-injured subjects, it is important to under-
stand circulatory responses during prolonged upper body exercise in a variety of 
environmental conditions. 
In the past, a few studies investigated cardiovascular responses in spinal cord 
injured subjects during prolonged exercise in a thermoneutral environment (Gass et 
al. 1981; Gass and Camp 1984; Gass and Camp 1987; Fitzgerald at al. 1990; Gass 
et al. 1991). At higher ambient temperatures heat loss by radiation and convection 
is much less and therefore evaporative heat loss must be increased (Nielsen 1968). 
This may result in a decreased total circulating blood volume, which may influence 
cardiac output and related parameters. 
In paraplegics, the vasomotor and sudomotor responses are likely to depend on 
the lowermost intact part of the sympathetic chain (Normell 1974; Bar-On and 
Nene 1990). It seems, therefore, that the level and completeness of the spinal cord 
lesion may be of great importance in cardiovascular and thermoregulatory respon-
ses to exercise in a hot environment. No data are yet available concerning this 
issue. 
The purpose of this study was to determine cardiovascular responses of paraple-
gic men during prolonged upper body exercise in a hot and humid environment and 
to establish the influence lesion level has on cardiovascular regulation. 
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Materials and methods 
Subjects 
Thirteen well-trained paraplegic men (P) with a complete spinal cord lesion 
between T2 and Τ12, and ten well-trained non-lesioned control men (C) participa­
ted in this study. All subjects gave their written informed consent and the study 
was approved by the Faculty Ethical Committee. The paraplegic subjects, all with 
traumatic lesions, were divided in three groups according to the level of their 
spinal cord lesion in agreement with the International Classification as described by 
Guttmann (1976): four with lesions between T2-T6 (PI, class 2); five with lesions 
between T7-T9 (P2, class 3); and four with lesions between T10-T12 (P3, class 4). 
The disabilities existed for at least two years. The control group consisted of five 
subjects with permanent foot or knee injury, who participated in wheelchair sports, 
and five able-bodied subjects, all selected for training status, sport participation and 
age. Their characteristics are summarized in table 1. 
All subjects underwent a comprehensive medical examination. This examination 
included a 12-lead electrocardiogram, cardiac and pulmonary auscultation, detailed 
physical and medical history, and for the paraplegic subjects a brief neurological 
examination to prove the level and completeness of the spinal cord lesion as 
reported in their medical file. From this examination no impediment for participati­
on in this investigation was found. Since tests were performed during winter, the 
subjects were not acclimatized to the heat, except for the acclimatization due to 
physical training. 
Protocol 
All subjects visited the laboratory twice within one week. At least two hours 
prior to each test, subjects refrained from caffeine, alcohol or nicotine. On the first 
occasion, subjects were weighed in the sitting position on a hospital scale, while 
body height was taken from the medical file. Furthermore, peak power output 
(Wpeak) and peak oxygen uptake (VOjpeak) were determined in a thermoneutral 
environment (Ta=22 0 C) using a continuous multistage protocol for arm-cranking 
exercise, with a frequency of 60 rpm. Power output increased by 10 watt (W) 
every minute until exhaustion. The test was terminated when, even after verbal 
encouragement by the examiner, the subject was unable to maintain the frequency 
of 60 rpm. 
During the second visit, each subject performed 45 minutes of arm-cranking 
exercise at 40% of his individual Wpeak in a climatic room with ambient tempera-
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ture maintained at 350C (± 0.5oC), with a relative humidity of 70% (+ 5%), and 
negligible wind velocity (< 0.1 m.s"')· Subjects were dressed in light cotton 
shorts. 
Materials 
Exercise was performed at an electro-magnetic arm-crank ergometer (modified 
cycle ergometer, Lode, Groningen, The Netherlands). Subjects sat in a wheelchair, 
which was fixed to the floor with the axis of the crank adjusted to shoulder level 
(Sawka 1986). During cranking, the arms were at no time fully extended. 
Measurements 
During the tests, oxygen uptake (V02), carbon dioxide output (VCOj), respirato­
ry exchange ratio (R) and expired ventilation (Ve) were measured and averaged 
over 30 second-intervals by an automatic gas analyzer (Oxycon IV, Mijnhardt, 
Bunnik, The Netherlands). This gas analyzer consists of a dry gas-meter with a 
paramagnetic Oj and infra-red CO, analyzer, daily calibrated with a gas mixture 
analyzed by the Scholander technique. ECG and heart rate (HR) were recorded 
continuously using a cardiotachometer. At 0, 15, 30 and 45 minutes during 
submaximal exercise blood gases (IL Blood Gas Analyzer, model 1312) and the 
concentration of hemoglobin (HemoCue) (Kwant et al. 1987) were determined, in 
duplicate, from a capillary ear-lobe blood sample, after rubbing the ear-lobe with a 
vasodilating ointment. 
Cardiac output (Q) was determined during steady state exercise at 15, 30 and 45 
minutes by the CO, rebreathing using the plateau method according to Collier 
(1956). Steady state was verified by Ve and V02. A Hans Rudolph valve was 
connected to a three-way stop-cock used for switching from outdoor air to the 
rebreathing bag when the rebreathing procedure commenced. Mixed venous carbon 
dioxide tension (Р СОг) was determined by measuring the CO2 plateau during 
rebreathing, using a rapid and linear COj analyzer (Capnograph Godait type MO, 
de Bilt, The Netherlands). The quality of the C02 plateau during rebreathing was 
verified using a computer algorithm in which variation of the signal as well as the 
length of the plateau were compared to predetermined values (Van Herwaarden et 
al. 1980). A correction for alveolar-capillary PC02 differences was applied (Van 
Herwaarden et al. 1980). Arterial carbon dioxide tension (PaCOj) was calculated 
using the modified Bohr-formula for physiological dead-space. Both, arterial and 
mixed venous C02 content were calculated from C02 tensions using the C0 2 
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dissociation curve, corrected for changes in pH and BE during exercise (Van 
Herwaarden et al. 1980). Stroke volume (SV) was calculated from Q and HR. 
Each subject was weighed on a balance to the nearest 0.001 kg, before and 
directly after the test, to assess weight loss due to fluid loss by evaporation and 
respiration. Correction for weight gain of the shorts was applied by weighing the 
short before and directly after the test. Mean sweat rate was calculated by subtrac­
ting respiratory water loss from total weight loss and expressing the weight loss by 
evaporation per minute and per body surface area. 
Internal body temperature (Trect) was measured with a rectal probe (YSI 401, 
Yellow Springs Instruments, USA) inserted 10 cm beyond the anal sphincter, and 
securely taped to minimize any shift of the probe during the test. 
Statistical analysis 
All data presented are expressed as mean ± SD. A one-way analysis of variance 
was applied to assess the significance of differences in changes in physiological 
responses with time and between groups. The Tukey multiple comparison test was 
applied to specify the differences when significant changes were found. A probabi­
lity < 5% was required to establish statistical significance. A paired t-test was 
used to compare changes over time within each group. To protect against a type I 
error, an alpha of 0.01 was chosen. 
Results 
Maximal exercise 
Responses to maximal exercise are presented in table 1. Wpeak and V02peak 
were significantly higher in С compared to P. Wpeak, V02peak and HRpeak were 
significantly lower in PI compared to the other groups. P2 and P3 showed 
significantly higher HRpeak than C. 
Submaximal exercise 
Cardiovascular changes during submaximal exercise in the heat are visualized in 
figure 1. The levels of VOj and Q vary between the groups due to the differences 
in responses to maximal exercise. In C, levels of Q and V0 2 were significantly 
higher compared to P. 
VO2 and Q remained similar throughout the test in P2, P3 and C, whereas PI 
showed a significant decrease in Q without any changes in V0 2. Furthermore, at 
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30 and 45 minutes Q was significantly lower in PI compared to the other groups 
(figure 1). 
Table 1 
Characteristics and physiological responses to maximal arm-cranking exercise of 
paraplegic subjects [PI (T1-T6), P2 (T7-T9), P3 (T10-T12)] and able-bodied 
control subjects (C). Wmax = maximal power output, VOjjeak = peak oxygen 
uptake, HRmax = maximal heart rate, ff = stat. sign, compared to the other 
groups, H
c
 = stat. sign, compared to the control group, #12 = stat. sign, compa­
red to PI and P2. 
Age (yr) 
Body mass (kg) 
Height (cm) 
Training 
(h.wk-1) 
Wpeak (W) 
V02peak (l.min1) 
V02/Body mass (ml. min"1, kg"1) 
HRpeak 
(beat, min1) 
PI (n=4) 
29.0 ± 3.7 
76.8 ± 7.7 
183 ± 8.7 
7.0 + 0.8 
95 ± 19.2 # 
1.44 ± 0.27# 
18.8 ± 7.7 
158 ± 20 3# 
P2 (n=5) 
27.8 ± 5.7 
75.6 ± 11.6 
182 ± 7.8 
7.2 ± 2.6 
113 ± 8 
2.04 ± 0.13 
26.9 ± 7.8 
199 ± 13 #
c 
P3 (n=4) 
29.3 ± 6.2 
60.8 ± 2.8 ft 
181 ± 5.3 
7.5 ± 1.3 
140 ± 12 
2.33 ± 0.26 
Ъ Л±2.9й
Хіг 
188 ± 2#
c 
C(n = 10) 
33.4 ± 5.4 
80.4 ± 13.8 
180 + 7.8 
7.2 ± 2.0 
153 ± 2O0li2 
2.83 ± 0.36 
35.1 ± 13.8 
177 ± 7 
HR increased significantly from rest to the end of exercise in P2 (56%), P3 
(65%) and С (55%), whereas HR in PI (41%) was not significantly affected. At 
15, 30 and 45 minutes, HR in PI was significantly lower compared to in P2 and 
P3 (figure 1). 
While in general SV in С was significantly higher than in P, all subjects demon­
strated a significant decrease in SV (Pl,-25%; P2,-19%; P3,-14%; C,-18%). Most 
of the reduction occurred during the first 30 minutes of exercise, after which the 
SV reached more or less a steady-state level of about 60 ml in Ρ and 90 ml in С 
(figure 1). 
Weight loss (g) was significantly higher in С (697) than in P, increasing from PI 
(231) to P2 (351) to P3 (439). Mean sweat rate (g.min"1 m"2) also declined from С 
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(7.4), to P3 (5.2), to P2 (3.7) through to PI (2.3) (figure 2). 
Haemoglobin concentration increased significantly in P2, P3 and С from 0 to 30 
minutes (P2, 5.8%; P3, 6.0%; C, 3.5%), whereas in PI no significant changes 
were observed. On the other hand, Trect only increased significantly in PI and 
showed no significant changes in P2, P3 and C, these changes were not significant­
ly different among the groups. (Figure 2) 
Blood gases did not change significantly from the beginning to the end of the test 
(data not shown). 
Discussion 
General 
In this study the effect of exercise and heat load on the circulation of paraplegics 
and the importance of the role of the level of the lesion were studied. The absence 
of sensibility and motor function, verified by neurological examination, was taken 
as the level of the lesion and as evidence for completeness. In general, the current 
anatomical concept of the spinal representation of the sympathetic system suggests 
the absence of sympathetic outflow in accord with these lesions. However, 
differences in somato-sensory and sympathetic pathways may occur due to differen­
ces in the extent of the lesion resulting from either variations in the arrangement of 
sympathetic outflow or the type and degree of re-innervation of sympathetic nerves 
(Normell 1974; Wallin and Stjernberg 1984). 
The division into three groups of lesion-levels was based on the following 
knowledge. T6 is an important level with regard to cardiac sympathetic innervati­
on. While subjects with lesions above T6 may have disturbances in cardiac 
sympathetic innervation, subjects with lesions below T6 will have a basically 
normal regulation of intrinsic cardiac function but a disturbed splanchnic innervati­
on. Lesions at and below T10 may have sympathetic innervation to the splanchnic 
bed and partial sympathetic activity in the lower limbs (Guttmann 1976). 
Maximal exercise 
The decrease in Wpeak and VO^peak from С to P3 to P2 through to PI during 
exercise is most likely related to the reduction in the use of functional muscle mass 
of trunk and lower limbs for stabilization during maximal exercise, as the level of 
the lesion rises. Furthermore, the disturbance in redistribution of blood and the 
partial loss of sympathetic regulation of cardiac frequency will decrease maximal Q 
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and, therefore, VOjpeak. 
HRpeak in PI represented a low value which may be due to partial lack of 
cardiac sympathetic activity and, therefore, vagal activity may predominate. P2, P3 
and С showed a HRpeak associated with maximal arm exercise. HRpeak during 
arm cranking exercise in class 2 subjects in the study of Wick et al. (1983) was 
higher than in the PI subjects of the present study, possibly due to heterogeneity in 
the cause of disability in Wick et al. (1983), i.e., poliomyelitis and trauma. The 
selective lesion of poliomyelitis in the anterior horn cells of the spinal cord does 
not interrupt sympathetic pathways, whereas the lesions in the present study were 
all of traumatic origin and were all complete. 
Submaximal exercise 
Throughout the exercise, VO, remained almost constant in both Ρ and C, which 
is in agreement with previous investigations (Gass et al. 1981; Gass and Camp 
1984; Gass and Camp 1987). This may indicate that during prolonged arm 
exercise, despite the hot environment, metabolism and efficiency are largely 
unchanged. 
Cardiovascular drift 
P2, P3 and С demonstrated a cardiovascular drift during exercise in the heat, 
i.e., a constant Q with a decrease in SV and an increase in HR. This is in agree­
ment with previous studies on able-bodied subjects during prolonged arm or leg 
exercise (Sawka et al. 1984; Sawka et al. 1989) and is probably due to an increase 
in skin blood flow, thus dispersing heat, and to a decrease in circulating blood 
volume due to fluid loss. Consequently, right ventricular filling pressure may 
decrease and according to the Frank-Starling mechanism, SV decreases also. In 
order to maintain a stable Q, HR will increase as a compensatory mechanism. A 
cardiovascular drift was also demonstrated by PI, although the lower SV was not 
fully compensated by an increase in HR. This is most likely due to the disturbed 
sympathetic cardiac innervation in PI. Consequently, Q in PI decreased signifi­
cantly during the 45 minutes of exercise. 
During 60 minutes of exercise at 50% V02max in a thermoneutral environment, 
Gass et al. (1981) found no increase in HR in paraplegics with low thoracic lesions 
(T7-T12). During 80 minutes of exercise at 60-65% VC^max, however, these 
authors demonstrated a progressive rise in HR (Gass and Camp 1987). It would, 
therefore, appear that the level of exercise plays a role in the cardiovascular drift 
64 Chapter 5 
observed during prolonged exercise. Fitzgerald et al. (1990) reported a decrease in 
Q during 90 minute exercise at 50-55% V02max in untrained spinal cord injured 
women, indicating that a reduction in SV was not fully compensated by an increase 
in HR. 
(I min ) OXYGEN UPTAKE (I min ) CARDIAC OUTPUT 
P3 ....9---
,„,„ STROKE VOLUME 
TIME (min) 
Figure 1 
Time course of changes in oxygen uptake (VOJ, cardiac output (φ, heart rate 
(HR) and stroke volume (SV) during 45 minutes submaximal (40% Wmax) arm 
exercise in a hot environment (35°C) for PI (high thoracic lesions), P2 (mid 
thoracic lesions), P3 (low thoracic lesions) and С (control subjects). * stat. sign. 
within group vs time, # stat. sign, compared to the other groups, #2 3 = stat. sign. 
compared to P2 and P3. Mean ± SE 
The differences in results among these studies may be partly explained by 
differences in the level and completeness of the spinal cord lesions. Gass et al. 
(1984, 1987) and Fitzgerald et al. (1990) tested only paraplegics with low thoracic 
lesions without reference to the completeness of the lesion. Another explanation 
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could be the differences in environmental conditions. In a hot and humid environ­
ment heat exchange depends almost entirely on evaporation. Skin blood flow and 
fluid loss will, therefore, increase, causing changes in blood redistribution and a 
decrease in circulating blood volume due to fluid loss through sweating. In other 
words, prolonged exercise in the heat creates a much greater burden on the 
circulatory system than that in a thermoneutral environment. 
During exercise in the heat SV declined to levels of about 60 ml in Ρ and to 90 
ml in С. During arm-cranking exercise (40% Wpeak) in a thermoneutral environ­
ment Ρ had a SV of about 80 ml and С about 120 ml (Hopman et al. 1992a). In 
both a hot and a thermoneutral environment, Ρ compensated for the lower SV by a 
higher HR. In a thermoneutral environment Ρ had a similar Q at a given oxygen 
uptake compared to able-bodied subjects (Hopman et al. 1992a). The constantly 
lower SV in Ρ can probably be explained by the lower mean systemic filling 
pressure in Ρ due to the disturbance in redistribution of blood (Davis et al. 1990; 
Hopman et al. 1992b). Fitzgerald et al. (1990) reported comparatively lower values 
for SV in spinal cord injured women ( — 50 ml) and in able-bodied women ( — 73 
ml). 
Mean systemic filling pressure 
During exercise in a hot environment, sweat gland activity and skin blood flow 
increase and the circulatory system has to meet the competing demands of muscle 
and skin for available blood flow. In addition, as demonstrated by an increase in 
hemoglobin concentration, circulating blood volume decreases during prolonged 
exercise in the heat, which may be an extra disadvantage for the circulatory 
system. The redistribution of blood will mainly be regulated by baroreceptor and 
venomotor reflexes in order to maintain a minimal central venous pressure 
(Johnson et al. 1973; Rowell 1974; Roberts and Wenger 1980). It is remarkable 
that, in spite of the increased skin blood flow, the decreased circulating blood 
volume and the already existing venous blood pooling below the lesion, paraplegic 
subjects are still able to maintain mean systemic filling pressure and SV at these 
levels. 
Vasomotor and sudomotor response 
Since paraplegics are lacking sympathetic control mechanisms below the lesion 
for heat loss, vasomotor and sudomotor responses will be impaired. This is 
illustrated by the fact that both weight loss and mean sweat rate are related to the 
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area of sensated skin and, thus, to the level of the spinal cord injury. In addition, 
hardly any sweating was observed below the lesion level. 
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Figure 2 
Weight loss (g) and sweat rate (g.min'.m2), haemoglobin concentration (mmol.I') 
and rectal temperature (0C) during 45 minutes submaximal (40% Wmax) arm 
exercise in a 35 °C ambient temperature with 70% relative humidity for PI (high 
thoracic lesions), P2 (mid thoracic lesions), P3 (low thoracic lesions) and С 
(control subjects). * stat. sign, within group vs time, ff stat. sign, compared to the 
other groups. 
The increase in skin blood flow and the amount of water loss by evaporation 
will, therefore, be limited. This may be an advantage for the circulatory system in 
paraplegics but increases the risk of hyperthermia, which could lead to circulatory 
collapse. Trect, however, showed no significant differences between Ρ and C, but 
there is some question whether Trect represents core temperature in Ρ (Gass et al. 
1988). Elucidation of cardiovascular and thermoregulatory responses during 
exercise in a hot environment in spinal cord-injured subjects with different lesion 
levels requires further investigation. 
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Conclusion 
Ρ with lesions below T6 are still able to maintain a stable Q during prolonged 
exercise and thermal stress comparable to C, however, with a marked difference in 
HR-SV relationship. Ρ with lesions above T6 cannot fully compensate for the 
reduction in SV by increasing HR probably due to partial lack of cardiac sympa­
thetic innervation. 
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Maria Т.Е. Hopman, Petra H.E. Verheijen, Rob A. Binkhorst 
70 Chapter б 
Summary 
The purpose of this study was to establish venous blood pooling (VBP) during arm 
exercise in paraplegics (P), with emphasis on the sympathetic contribution to VBP 
apart from muscle pump activity. Fifteen male Ρ and fifteen male able-bodied subjects 
(C) performed arm-cranking exercise while volume changes in the calf were measured 
by strain gauge plethysmography before, during and after exercise. Muscle pump 
activity in the legs of С was eliminated. The rate of volume decrease at the beginning 
(Rl) and halfway (R2) of exercise, total volume decrease during exercise (EV) and 
volume increase during recovery (RV) were significantly lower in Ρ compared to C. 
The completeness of the lesion had no influence on leg-volume changes. Rl and EV 
were significantly correlated to the level of the spinal cord lesion. This study confirms 
that Ρ have a persistent VBP during arm exercise, partly caused by a loss of 
sympathetic induced vasoconstriction, apparently independent of the completeness but 
dependent on the level of the lesion. 
Introduction 
During exercise in able-bodied subjects a redistribution of blood takes place in order 
to elevate mean ventricular filling pressure, augment cardiac output and supply the 
exercising muscles with blood (Asmussen and Christensen 1939; Sawka 1986; Rowell 
and O'Leary 1990). In spinal cord-injured subjects, however, the redistribution of 
blood during arm exercise has been reported to be disturbed, resulting in a diminished 
increase in end-diastolic ventricular volume and, according to the Frank-Starling 
mechanism, in a lower stroke volume compared to able-bodied subjects (Hjeltnes 
1977; Davis and Shephard 1988; Kinzer and Convertino 1989; Hopman et al. 1992a; 
Hopman et al. 1992b). This is probably due to a non effective vasoregulation below 
the spinal cord lesion caused by a lack of sympathetic vasoconstriction below the 
lesion and the inability to activate the musculo-skeletal pump in the legs in spinal 
cord-injured subjects. This may result in venous blood pooling below the lesion 
probably dependent on the level and completeness of the spinal cord lesion. 
To date, only a few studies have been directed towards peripheral circulation in 
spinal cord- injured subjects during arm exercise. Bidart and Maury (1973) measured 
volume changes of the foot in paraplegics during arm exercise by water plethysmo­
graphy. However, due to artifacts during exercise the investigators described their 
results as hardly reliable. Kinzer and Convertino (1989) used impedance plethys­
mography to measure fluid accumulation in the legs of paraplegics immediately at the 
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offset of arm exercise, and suggested that the observed leg-volume increase resulted 
mainly from muscle pump inactivity. No study, however, has investigated the role of 
the sympathetic nervous system in the redistribution of blood in paraplegic subjects 
during arm exercise and its contribution to venous blood pooling in paraplegics due 
to loss of sympathetic activity below the spinal cord lesion. 
The purpose of this study was, therefore, to measure leg-volume changes by strain 
gauge plethysmography to establish venous blood pooling during arm exercise in 
paraplegic subjects. The leg-volume changes in paraplegics were compared to those 
in able-bodied subjects without muscle pump activity in order to investigate 
sympathetic contribution to venous blood pooling apart from muscle pump activity. 
In addition, the effect of the level and completeness of the lesion on leg-volume 
changes was studied. 
Materials and methods 
Subjects 
Fifteen male paraplegic subjects (P) and fifteen male able-bodied control subjects (C) 
participated in this study. The study was approved by the Faculty Ethics Committee 
and all subjects gave their written informed consent. In the P-group, 7 subjects had 
a complete and 8 subjects had an incomplete spinal cord injury. The levels of the 
lesions ranged between C7 and LI and had existed for at least three years. The level 
as well as the completeness of the lesions were verified by sensor-motor neurological 
examination (Waters et al. 1991). The C-group was matched to the P-group on age 
and training status. All subjects underwent a comprehensive medical examination. 
None of the subjects had any cardiovascular disease or used medicines likely to affect 
the results. 
Protocol 
At least two hours prior to the test subjects refrained from caffeine, alcohol and 
nicotine. Subjects were weighed in the sitting position on a hospital scale while body 
height was taken from the medical file. Skinfold thickness was determined as the sum 
of four skinfolds (biceps, triceps, subscapular, suprailiac) using a Holtain Skinfold 
Caliper (Crymmych, Pembs., UK). Mid-calf circumference was measured using a 
measuring tape at the thickest part of the calf while muscles were relaxed. 
During the test, room-temperature was 23 CC (± 10C). The test-protocol started with 
five minutes rest followed by ten minutes arm-cranking exercise at 50% of the indi-
72 Chapter 6 
vidual maximal power output and ended with a ten minute recovery period. All 
subjects were instructed not to move their legs and not to speak during the test. Five 
control subjects performed the test twice under the same conditions within three days 
for determining the reproducibility of the technique. 
Exercise was performed using an electro-magnetic arm-crank ergometer (Modified 
cycle ergometer, Lode, Groningen, The Netherlands). The axis of the crank unit was 
adjusted to shoulder level. During cranking the arms were at no time fully extended 
(Sawka 1986). Ρ subjects sat in their own wheelchair and С subjects in a garden chair, 
both in an upright position. The legs were slightly bent and rested on a foot-board. 
The heels were padded to achieve maximum leg-muscle relaxation. Feet and legs were 
not fixed or strapped to avoid pushing or pulling and resulting muscle-contractions in 
the legs of C. The foot-board was adjusted at a height that resulted in a blood column 
of 35 cm between heart level and measuring point of the strain gauges at the calf, in 
order to keep the hydrostatic pressure constant for all subjects. 
Measurements 
Strain gauge plethysmography, a well-established non-invasive method to study 
blood circulation in the extremities (Whitney 1953), was used to measure relative 
volume changes of the legs during arm exercise. The strain gauge Plethysmograph 
(Loosco, Amsterdam, The Netherlands) consisted of two mercury-filled tubes of 
silicon rubber (external diameter 1.4 mm and internal diameter 0.5 mm) mounted 
mechanically parallel and electrically in series. This assembly was stretched around 
the thickest part of the left calf. The relative changes in calf volume (dV/V) were 
expressed as percentages of the steady state baseline volumes and were equal to 
relative changes in resistance (dR/R) of the mercury conductor measured as changes 
in voltage. Errors caused by the lead wire resistance or temperature variations were 
minimized by using a four terminal resistance measuring technique and by compensati­
on for temperature variation, respectively (Whitney 1953). For calibration of the 
Plethysmograph, the electrical method described by Brakkee and Vendrik (1966) was 
used. 
The following parameters were calculated from the recordings of the Plethysmograph 
during the test (figure 1). Rate volume changes ( й . т і п 1 ) at the beginning of exercise 
(Rl) and halfway through the exercise period (R2) were calculated as the regression 
coefficient of the volume changes in reference to the baseline volume in rest, over 0 -
1.5 and 5 - 6.5 minutes, respectively. In addition, total leg-volume changes (%) after 
ten minutes exercise (EV) and after ten minutes recovery (RV) were calculated. 
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Figure 1 
Calculated parameters of leg-volume changes (dV/V) during rest, arm exercise and 
recovery shown in a Plethysmographie recording represented in diagram form. Rl: 
rate of volume change during 0-1.5 minute of exercise (fo.min1); R2: rate of volume 
change during 5-6.5 minute of exercise (%.min'); EV: total volume decrease afier 10 
minutes exercise (50% maximal power output); RV: total volume increase afier 10 
minutes recovery (%); + volume increase, - volume decrease. 
Heart rate (HR) was calculated every minute throughout the test from continuous 
electrocardiography records (Depex, Hellige, cardiotest EK 41). 
Skin temperature of the calf was measured continuously during the test by a skin 
probe (Ellab, type MHE-H9, Electrolaboriet, Copenhagen) securely taped on the skin 
at the lateral side of the calf and was recorded every minute. Temperature changes 
during exercise (difference between 5th and 15th minute, dTempE) and during 
recovery (difference between 15th and 25th minute, dTempR) were calculated and 
used as an indication of skin blood flow changes. 
EMG surface-recordings of the muscle gastrocnemius were carried out in С during 
the whole test to verify that the muscle pump activity was eliminated. 
Statistical analysis 
The Student's t-test was applied to determine differences between Ρ and С in 
physical characteristics, in physiological responses and in leg-volume changes during 
the test. The Pearson's correlation coefficient was calculated to establish correlations 
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between leg-volume changes and lesion-level as well as calf circumferences. A paired 
Student's t-test was applied to determine systematical differences between the first and 
second test of the five control subjects. In addition, duplicate measurement errors 
were calculated. Statistical significance was accepted at ρ < 0.05 (two-sided t-test). 
Table 1 
Physical characteristics of paraplegic subjects and control subjects (mean + SD). 
Midcalf circum = midcalf circumference, Skinf Thielen. = the sum of four skinfolds, 
HRrest = heart rate during the last minute of rest, HRexS = heart rate during the 5th 
minute of exercise, HRexlO = heart rate during the 10th minute of exercise, HRrec 
= heart rate during the 10th minute of recovery. * ρ < 0.05 
Age (yr) 
Height (cm) 
Body mass (kg) 
Midcalf Circum.(cm) 
Skinf. Thickn. (mm) 
HRrest (b.min') 
HRexS (b.min1) 
HRexlO (b.min ') 
HRrec (b.min1) 
Workload (Watt) 
Paraplegic subjects 
(n=15) 
32.1 ± 5.4 
186.7 ± 7.4 
82.0 ± 17.5 
31.4 ± 4.6* 
36.4 ± 7.6* 
77.8 ± 12.8 
124.1 ± 17.7 
126.5 ± 19.2 
79.8 + 12.6 
54.3 ± 7.7 * 
Control subjects 
(n = 15) 
29.6 ± 5.9 
180.7 ± 8.0 
76.2 ±11.6 
37.9 ± 2.2 
31.0 ± 5.8 
73.7 ± 12.1 
122.9 ± 18.4 
123.0 ± 17.7 
79.4 ± 13.6 
65.0 ± 13.2 
Results 
Physical characteristics of the subjects are summarized in table 1. Age, body mass 
and height were not significantly different between both groups, whereas midcalf 
circumference was significantly lower and skinfold thickness significantly higher in 
P. 
The applied workload was significantly lower in Ρ compared to C, whereas HR 
during the exercise and recovery period was not significantly different between both 
groups (table 1). Changes in skin temperature during exercise and recovery were 
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small in both groups, however, there were significant differences between both 
groups, i.e. dTempE: C= -0.9oC, P= -0.4oC, p=0.002; dTempR: C= -0.5oC, P= 
+0.2oC, p=0.002. The EMG-recordings revealed no muscle activity in the legs of 
С throughout the test. 
Table! 
Calculated parameters of volume changes in the legs (mean ± SD) of paraplegic 
subjects with complete and incomplete spinal cord injuries. Rl — rate of volume 
change during 0-1.5 minute of exercise, R2 = rate of volume change during 5-6.5 
minute of exercise, EV = total volume decrease after 10 minutes exercise, RV = total 
volume increase after 10 minutes recovery. 
Rl (S&.min-1) 
R2(%.min-^) 
EV (%) 
| RV (%) 
Paraplegics (n=7) 
(complete) 
-0.07 ± 0.06 
-0.05 ± 0.04 
-0.49 + 0.29 
0.13 ± 0.13 
Paraplegics (n=8) 
(incomplete) 
-0.09 ± 0.07 
-0.03 ± 0.03 
-0.48 ± 0.26 
0.15 ± 0.09 
Leg-volume changes 
Plethysmographie recordings of volume changes in the leg of a paraplegic and 
control subject are illustrated in figure 2. С showed a clear leg-volume decrease 
during arm exercise, after an initial increase during the first 30 seconds of exercise, 
and a volume increase during recovery, whereas Ρ showed hardly any leg-volume 
changes during arm exercise and recovery. Since Ρ with complete and incomplete 
lesions showed no significant differences (table 2), they can be considered as one 
group and their data taken together. 
Table 3 presents the calculated parameters from the Plethysmographie recordings for 
Ρ and C. The rate of volume changes at the onset (Rl) and halfway (R2) of exercise 
were significantly lower in Ρ compared to C. For both groups, however, Rl was 
significantly higher than R2. Total volume decrease during exercise (EV) and total 
volume increase during recovery (RV) were also significantly lower in Ρ than in C. 
Rl and EV showed significant correlations with the level of the spinal cord lesion, 
i.e. the lower the lesion-level the higher Rl and EV, (Rl: r=0.65, p=0.009; EV: 
г=0.73, ρ=0.002), whereas R2 and RV showed no sigmficant correlation with the 
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lesion-level. No signifícant correlation was found between Rl, R2, EV, RV and calf 
circumferences. 
Reproducibility 
The results of the five control subjects who were measured twice showed no signifi-
cant systematical differences. The calculated duplicate errors amounted to Rl 
0.12%.min-'; R2 0.02%.min1; EV 0.39% and RV 0.42%. 
Table 3 
Calculated parameters of volume changes in the legs (mean ± SD) of paraplegic and 
control subjects. Rl = rate of volume change during 0-1.5 minute of exercise, R2 — 
rate of volume change during 5-6.5 minute of exercise, EV = total volume decrease 
after 10 minutes exercise, RV = total volume increase after 10 minutes recovery. * 
ρ < 0.05 
RI (%.min1) 
R2(%.min-1) 
EV (%) 
RV (%) 
Paraplegic subjects 
(n = 15) 
-0.08 ± 0.06 * 
-0.04 ± 0.04 * 
-0.48 ± 0.26 * 
0.14 ± 0.11 * 
Control subjects 
(n=15) 
-0.32 ± 0.17 
-0.13 ± 0.06 
-1.37 ± 0.41 
0.69 ± 0.50 
Discussion 
Strain gauge plethysmography 
Strain gauge plethysmography has become an established method for non invasive 
studies of blood circulation in the extremities (Whitney 1953; Brakkee and Vendrik 
1966; Rosfors 1991). It has, however, rarely been used with regard to peripheral 
circulation in paraplegic subjects. A linear relationship between leg-volume change 
and pressure change in the calf during exercise (Fernandes e Fernandes et al. 1979) 
and a high correlation between the results of strain gauge plethysmography and blood 
volume scintimetry (Struckmann et al. 1992) have been reported. These support the 
validity of the strain gauge plethysmography in measuring peripheral circulation. In 
the present study the reproducibility of the method during arm exercise was 
determined in 5 control subjects who participated twice. The insignificant systematical 
differences and the low duplicate measurement errors indicate that strain gauge 
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plethysmography is a reliable method to measure volume changes in the calf during 
arm exercise. 
Muscle-pump activity 
Electromyographic records from the calf muscles did not reveal any muscle activity 
in the legs of С during arm exercise indicating that the muscle pump activity most 
probably was eliminated. It may be assumed that when eliminating the muscle pump 
activity in the legs of С the sympathetic induced vasoconstriction is the most important 
mechanism responsible for volume displacement in the legs during arm exercise. None 
of the Ρ subjects had any motor function remaining in their legs and, thus, muscle 
pump activity was absent. 
Leg-volume changes 
At the onset of exercise, the C-group showed a small increase in leg-volume, 
immediately followed by a clear volume decrease within one minute (Rl). The 
transient volume increase may be due to a brief diminution in sympathetic vasocon­
strictor activity (Mitchell et al. 1963) or could be a centrally mediated reaction 
induced by some degree of emotional stress when starting the exercise (Bevegard and 
Shepherd 1966), followed by a vasoconstriction reflex of the calf muscle vessels 
persistent throughout exercise (Victor et al. 1989). The P-group showed hardly any 
leg-volume changes at the onset of arm exercise indicating a lack of vasomotor 
responses in the calf muscle vessels of P, probably due to loss of sympathetic regulati­
on below the lesion. After about a minute of arm exercise a slight leg volume 
decrease can be noted in Ρ probably based on local reactions by humoral agents, on 
muscle metaboreflexes and on spinal reflexes induced by changes in plasma 
catecholamine levels (Corbett et al. 1978; Levin et al. 1980; Skagen et al. 1982; 
Rowell and O'Leary 1990). 
Differences in both, exercise intensity as well as ventilation, have been suggested 
to be responsible for differences in vasomotor responses (Merritt and Weissler 1959; 
Mitchell 1990). In the present study, however, Ρ and С showed no differences in HR 
throughout the test, indicating that the exercise intensity was equal for both groups. 
In a pilot study (Hopman et al. unpublished observations) four subjects performed 
voluntary hyperventilation for 3 minutes without exercise. No leg-volume changes 
were observed during this test, indicating that the vasoconstrictor responses were not 
elicited by an increase in ventilation. Thus, differences in ventilation between Ρ and 
С will not be a primary factor responsible for the differences in reflex activity. 
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The differences between both groups in skin temperature changes during exercise 
and recovery seem to confirm in another way the difference in sympathetic regulation 
between Ρ and C. The greater decrease in calf-skin temperature during exercise and 
recovery in С compared to Ρ could be explained by the active sympathetic cutaneous 
vasoconstriction in С during exercise as a local adjustment to general hemodynamic 
demands sustained during recovery (Bevegard and Shepherd 1966). In contrast, skin 
blood flow below the lesion in Ρ and, thus, skin temperature of the calf may depend 
almost entirely on local conditions rather than general hemodynamic or thermal needs, 
due to the lack of sympathetic cutaneous vasomotor regulation (Bidart and Maury 
1973). 
CONTROL SUBJECT 
Figure 2 
Plethysmographie recording of 
volume changes in the calf (dV/V) 
in a control subject and a paraple­
gic subject before, during and after 
arm exercise. + volume increase; 
- volume decrease. 
8?,-.(»ta?6 
«r/v (χ) PARAPLEGIC SUBJECT 
+2 Γ 
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The halfway rate of volume decrease (R2) was diminished in both groups, probably 
because the subjects achieved more or less steady-state conditions and, therefore, 
reflex activity induced by the sympathetic system, by catecholamines or by muscle 
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metaboreflexes may be decreased (Mitchell 1985; Rowell and O'Leary 1990). 
The total volume decrease (EV) after 10 minutes exercise was significantly greater 
in С than in P, most probably due to the sympathetic vasoconstriction in С and the 
lack of it in P. The lower EV in Ρ confirms the persistent venous blood pooling 
during arm exercise as proposed by several investigators to be the reason for a 
disturbed cardiovascular regulation in Ρ during arm exercise (Hjeltnes 1977; Davis 
and Shephard 1988; Kinzer and Convertine 1989; Hopman et al. 1992a; Hopman et 
al. 1992b). 
Consistent with our results, Bidart and Maury (1973), who used water plethysmo­
graphy of the foot, measured a volume decrease in control subjects and found no 
volume changes in paraplegics during arm exercise, despite the exercise artifacts in 
the volume recordings. Kinzer and Convertino (1989) reported a volume decrease in 
the calf of control subjects and an increase of leg-volume in paraplegics, measured by 
impedance plethysmography immediately at the offset of exercise used as an indication 
for leg volume changes during exercise. They proposed that the primary mechanism 
for the observed fluid accumulation in the legs of paraplegics resulted from a non­
functional muscle pump (Rosfors 1991). From the results of the present study, 
however, it appears that sympathetic vasoregulation plays a pivotal role in the 
vasoconstriction in the lower limbs during arm exercise and, therefore, the lack of 
sympathetic activity is partly responsible for the venous blood pooling in P. 
Regarding EV, the volume increase after 10 minutes recovery (RV) was higher in 
С than in P. The volume increase during recovery seems not to be a reflex activity 
as indicated by the shape of the recovery-curve, but is probably metabolically 
mediated. In both groups, calf volume did not return to the baseline volume during 
the recovery period, which could be due to the fact that the recovery period was too 
short for the metabolic mediated vasodilatation or that the tissues were compressed by 
the strain gauges (Brakkee and Vendrik 1966). 
The level of the lesion 
The high correlations between Rl and EV with the level of the spinal cord lesion 
indicate that the described vessel reactions were related to the amount of active muscle 
mass (Burkett et al. 1990; Mitchell 1990). This could be explained by the fact that the 
efficacy of humoral agents and of the muscle metaboreflexes depend on the active 
muscle mass. Therefore, the induced local vasoreactions and spinal reflexes were 
related to the lesion-level. These results demonstrate that vasoregulation of the non­
exercising skeletal muscles, i.e. the lower limb muscles during arm exercise, is not 
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only induced by a central command but also by spinal and local reflex mechanisms 
(Skagen et al. 1982; Victor et al. 1989; Mitchell 1990; Duprez et al. 1992). 
The completeness of the lesion 
The fact that the degree of completeness of the lesion had no influence on the 
parameters of the leg-volume changes, indicated that completeness based on sensor-
motor neurological examination does not predict involvement of the sympathetic 
nervous system in the lesion (Corbett et al. 1978; Waters et al. 1991). This was 
illustrated by one of the paraplegic subjects, who had a lesion from spinal-cord blee­
ding resulting in a complete loss of motor and sensory function below the level of the 
injury. This subject showed volume changes in the calf almost comparable to the С 
subjects, indicating an active vasoregulation below the lesion. It may be hypothesized 
that in this particular case the sympathetic system was not involved in the lesion, 
whereas in all other subjects with spinal cord lesions based on traumatic injuries the 
sympathetic nervous system was disrupted independent of the preservation of motor 
or sensory function (Corbett et al. 1978). 
Strain gauge plethysmography could be a simple and accurate method to test the 
involvement of the sympathetic system in the spinal cord injury and to detect the 
sympathetic defect in subjects with autonomic nervous system diseases (Ewing et al. 
1974; Jaeger et al. 1981). Further research should be directed towards this 
application. 
Conclusion 
This study demonstrates that during arm exercise, with eliminated muscle pump 
activity, only slight volume changes were measured in the legs of paraplegic subjects, 
in contrast to a clear volume decrease in the legs of able-bodied subjects. This 
confirms the venous blood pooling in the legs of paraplegic subjects, which is to an 
important degree induced by a loss of sympathetic regulation below the lesion. 
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CHAPTER? 
The effect of an anti-G suit on cardiovascular responses 
to exercise in persons with paraplegia 
Maria Т.Е. Hopman, Berend Oeseburg, Rob A. Binkhorst 
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Summary 
The purpose of this study was to determine if external pressure on legs and 
abdomen could prevent venous blood pooling in paraplegics and thus positively 
effect their cardiovascular responses to arm exercise. To investigate this, five male 
paraplegic subjects (P), with complete lesions between T6 and T12, and five male 
wheelchair bound (due to a chronic lower extremity disability) control subjects (C), 
performed submaximal arm-cranking exercise at 20%, 40% and 60% of their 
maximal power output (Wmax), with and without an antigravity (anti-G) suit 
inflated to 52 mmHg (1 psi). For Ρ, higher pre-exercise systolic pressure (127 vs 
117 mmHg) was seen with the anti-G suit. At 40 and 60% Wmax significantly 
lower heart rates (at 40% =5.7%; at 60% = 10.6%) at similar cardiac outputs were 
seen for Ρ with an anti-G suit. Although not significant, Ρ also demonstrated 
higher stroke volumes at 40% (4.8%) and 60% (5.0%) Wmax with external 
pressure. For C, no differences in pre-exercise blood pressure or cardiovascular 
responses at all three exercise levels were seen with or without the anti-G suit. 
These data suggest that an inflated anti-G suit is able to prevent venous blood 
pooling and offers haemodynamic benefits in paraplegics during submaximal arm-
cranking exercise. In addition, this study reports a possible alternative to hosiery or 
functional neuromuscular stimulation that could be applied to all spinal cord-injured 
subjects regardless of type or duration of the lesion or of muscle-atrophy. 
Introduction 
In able-bodied subjects, a redistribution of blood takes place during exercise to 
elevate ventricular filling pressure and to supply the exercising muscles with blood 
(Asmussen and Christensen 1939; Sawka 1986). Previous studies investigated 
cardiovascular responses in spinal cord-injured subjects during arm exercise 
(Hjeltnes 1977; De Bruin and Binkhorst 1984; Davis and Shephard 1988). These 
investigations demonstrated a disturbed redistribution of blood in paraplegics 
during exercise, resulting in a lower stroke volume compared to able-bodied 
subjects at the same submaximal oxygen uptake. The disturbance in redistribution 
of blood in paraplegics during exercise is likely due to lack of sympathetic 
vasoconstriction below the lesion and the inability to activate the muscle pump in 
the legs. Dependent on the level and completeness of the lesion, this may result in 
venous blood pooling in the legs and abdomen and probably cause a reduced filling 
pressure and a diminished end-diastolic ventricular volume. This reduced preload 
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will cause the myocardium to contract on a less efficient part of the ventricular 
function curve (West 1991) and, therefore, stroke volume may not increase in 
paraplegics as in able-bodied subjects during arm exercise. 
Various attempts have been made to decrease venous capacitance below the 
lesion in order to increase end-diastolic ventricular volume and, thus, stroke 
volume in paraplegics. Functional neuromuscular stimulation (FNS) of the paraly­
sed leg muscles was used to simulate the lower-limb 'muscle pump' (Glaser 1986; 
Hooker et al. 1989; Davis et al. 1990). These investigators found an increase in 
cardiac output and stroke volume at the same submaximal power output. Another 
tool to diminish venous blood pooling in paraplegics may be an antigravity (anti-G) 
suit, by applying external pressure on legs and abdomen. The anti-G suit has been 
used successfully in the Air Force to prevent pooling of blood in the lower 
extremities, in the treatment of haemorrhagic shock, and as a tool for studying the 
physiological characteristics of orthostatic insufficiency (Gray et al. 1969; Kravik 
et al. 1986; Payen et al. 1987; Wood 1987; Hinghofer-Szalkay et al. 1988; 
Guezennec et al. 1989). 
The purpose of this investigation was to examine the effects of an anti-G suit on 
cardiovascular responses of paraplegics during submaximal arm exercise and to 
compare their responses to a group of wheelchair bound subjects with no spinal 
cord injury and, therefore, an intact sympathetic nervous system and an active leg 
muscle pump. If an anti-G suit is able to decrease venous capacitance by means of 
external pressure on legs and abdomen, circulatory benefits (i.e., greater end-
diastolic ventricular volume resulting in higher stroke volume and lower heart rate) 
may be observed in paraplegics. 
Materials and methods 
Subjects 
Five male paraplegics (P) with a complete spinal cord lesion at levels between 
T6 and T12 participated in this study. Since levels of the spinal cord lesions were 
between T6 and Τ12, cardiac sympathetic innervation will not be affected, 
suggesting a basically normal regulation of intrinsic cardiac function. Five male 
wheelchair bound subjects, due to chronic lower extremity disability, were used as 
a control group (C). Because of their disability, they used a wheelchair for moving 
and sport. The disabilities in both groups existed for at least four years. Both 
paraplegics and control subjects participated in wheelchair marathon races at 
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comparable competitive levels and their training status with regard to type and 
duration was almost the same. In other words, the control subjects and paraplegics 
were matched for age, weight, activity level, training status and years of disability, 
but with the exception of the spinal cord lesion. 
The subjects underwent a comprehensive medical examination. This included a 
12-lead electrocardiogram, cardiac and pulmonary auscultation, detailed physical 
and medical history and for the paraplegics a brief senso-motoric neurological 
examination to prove the level and completeness of the lesion as reported in their 
medical file. From this examination no impediment for participation in this study 
was found. All subjects gave their written informed consent. The study was 
approved by the Faculty Ethical Committee. 
Protocol 
All subjects visited the laboratory twice within one week. On both occasions, 
temperature in the experimental room was maintained between 210C and 220C 
with a 45-50% relative humidity. The subjects wore t-shirts and short trousers. At 
least two hours prior to each test, subjects restrained from caffeine, alcohol or 
nicotine. 
On the first occasion, subjects were weighed in the sitting position on a hospital 
scale while body length was taken from the medical file. Each subject performed 
maximal exercise using a continuous multistage arm-cranking protocol, with a 
frequency of 60 revolutions per minute (Washburn and Seals 1983). Power output 
increased by 10 watt (W) every minute beginning at 10W until exhaustion in order 
to determine peak oxygen uptake (V02peak) (mean oxygen uptake during the last 
minute of exercise) and maximal power output (Wmax). The test was terminated 
when, even after verbal encouragement by the examiner, the subject was unable to 
maintain the frequency of 60 revolutions per minute. Heart rate, base excess and 
respiratory exchange ratio were used as objective criteria for maximal exercise. 
During the second visit, each subject performed submaximal arm-cranking 
exercise at 20%, 40% and 60% of his individual maximal load (Wmax). The tests 
were carried out, in counterbalanced order, with an anli-G suit (G+) inflated to 52 
mmHg and without the suit (G-). 
Each bout of exercise lasted 7 minutes with a five minute recovery period. 
Steady state exercise during the 6th and 7th minute was verified by oxygen uptake 
and heart rate. After completing the three bouts, with or without an anti-G suit 
(G-l- or G-), the subjects rested for twenty minutes, and continued with three bouts 
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of exercise with the alternative application (G- or G+) (figure 1). 
TEST 1 
G+/G-
TEST 2 
G-/G+ 
Ex-level (%) 
20% 
7 
R 
5 
40% 
7 
R 
5 
60% 
7 
Recovery 
20 
20% 
7 
R 
5 
40% 
7 
R 
5 
60% 
7 
0 
Time (min) 
82 
Figure 1 
Experimental protocol. In counterbalanced order the subjects started in test I with 
(G+) or without (G-) the anti-G suit, followed by without or with (G-/G+) the 
anti-G suit in test 2. Ex-level = exercise level in % Wmax, R = recovery period in 
min. 
Materials 
Exercise was performed using an electro-magnetic arm-crank ergometer (modi-
fied bicycle ergometer, Lode, Groningen, The Netherlands), calibrated just before 
the experiments were started by the manufacturer. The subjects sat in a wheelchair 
fixed to the floor. The axis of the crank unit was adjusted to shoulder height. 
During the revolution, the arms were at no time fully extended. 
The anti-G suit, a standard Air Force anti-G suit (Anti-G Garment Cutaway 
CSU-13B/P), consisted of five interconnected bladders (two calf, two thigh and 
one abdominal), and neither the hip or knee area were covered. The suit was 
inflated with air from the abdominal bladder using a manual pump to a pressure of 
52 mmHg (1 psi), within five seconds, and controlled by a gauge inserted between 
the pump and the anti-G suit. This inflation pressure was selected under considera-
tions of the hydrostatic pressure on legs and abdomen in the sitting position, and in 
order to put pressure on the venous system with negligible effect on the arterial 
vessels. Previous studies showed cardiovascular changes with this level of pressure 
(Kravik et al. 1986; Alexander et al. 1987; Hoffman et al. 1987; Hinghofer-
Szalkay et al. 1988; Guezennec et al. 1989), and in addition this pressure was well 
tolerated for extended time periods. Since between each exercise bout the suit was 
deflated the used pressure was not likely to cause ischemia or pressure injuries 
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(Bastien et al. 1989). 
Measurements 
During the tests, oxygen uptake (VO2), carbon dioxide output (VCO2), and 
respiratory exchange ratio (R) were determined and averaged over 30 second-
intervals by an automatic gas analyzer (Oxycon IV, Mijnhardt, Bunnik, The 
Netherlands). This included a dry gas-meter, a paramagnetic O2 and an infra-red 
CO2 analyzer, and was calibrated daily with gas-mixtures analyzed by the Scholan-
der technique. A Hans Rudolph valve was connected to a three-way stop-cock, 
used for switching from outdoor air to the rebreathing bag when the rebreathing 
procedure commenced. 
ECG and heart rate (HR) were recorded continuously using a cardiotachometer. 
Blood pressure was measured before exercise, immediately after inflation of the G-
suit, by means of the indirect auscultation method using a sphygmomanometer. 
Blood pressure measurements were not carried out during the arm-cranking 
exercise to avoid possible disturbances in other measurements. 
Three minutes after termination of maximal exercise and during the last minute 
of each bout of submaximal exercise, blood-gases were determined in a capillary 
ear-lobe sample, after rubbing the ear-lobe with a vasodilatating ointment. Hydro­
gen ion activity (pH), carbon dioxide partial pressure (PCO2) and oxygen partial 
pressure (PO2) were measured (IL Blood Gas analyzer model 1312). Base excess 
(BE) was calculated using pH, PCO2, and concentration of haemoglobin, the latter 
was measured by the HemoCue (Kwant et al. 1987). 
At the end of the 7th minute of each bout of submaximal exercise cardiac output 
(Q) was determined by the CO2 rebreathing method according to Collier (1956), as 
described by Van Herwaarden (1980). To obtain mixed venous carbon dioxide 
tension (PVCO2) a rapid and linear COj analyzer (Capnograph Godart type MO, 
de Bilt, The Netherlands) was used to measure the CO2 plateau during rebreathing. 
The quality of the PCO, equilibration curve during rebreathing was verified using a 
computer algorithm in which variation of the signal as well as the length of the 
plateau were compared to predetermined values (Van Herwaarden et al. 1980). 
A correction for the alveolar-arterial PCO2 differences was applied (Jones et al. 
1969). Arterial carbon dioxide tension (РаСО^ was calculated via the modified 
Bohr-formula for physiological dead space. CO2 concentration was calculated from 
PCO2 using the CO2 dissociation curve, corrected for changes of pH and BE 
during exercise. 
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Stroke volume (SV) was calculated from cardiac output and heart rate. 
Statistical analysis 
A student's t-test was applied to determine the effect of an anti-G suit on 
cardiovascular responses within the paraplegic group and within the control group. 
To protect against a type I error, an alpha of 0.01 was chosen. In the case of an 
anti-G suit effect in the paraplegics a comparison was made with the effect in the 
control group using the t-test at 0.05 level. The student's t-test was also used to 
assess the significance of difference in physical characteristics and in responses to 
maximal exercise between both groups (p < 0.05). 
Table 3 
Blood gases (means) three minutes after termination of maximal exercise and 
during the 7th minute of each bout of submaximal exercise in paraplegics and 
controls. G-: without an anti-G suit, G+: with an anti-G suit 
PH pC02 
(mm Hg) 
po2 
(mm Hg) 
BE 
(mEq.l-1) 
1 PARAPLEGICS | 
Max. exercise 
20%: G-
G+ 
40%: G-
G + 
60%: G-
G+ 
7.27 
7.43 
7.40 
7.40 
7.39 
7.39 
7.37 
32.4 
36.4 
38.6 
38.3 
38.5 
38.5 
38.4 
100.0 
94.2 
93.4 
91.2 
88.0 
88.0 
86.9 
-10.06 
0.83 
0.34 
-0.28 
-0.46 
-0.20 
-0.64 
| CONTROLS 
Max. exercise 
20%: G-
G+ 
40%: G-
G + 
60%: G-
G+ 
7.27 
7.44 
7.46 
7.43 
7.46 
7.39 
7.41 
30.8 
32.3 
32.4 
32.8 
32.7 
33.6 
33.9 
106.4 
95.2 
96.6 
93.8 
91.7 
92.1 
91.0 
-10.32 
-1.00 
0.38 
-1.34 
0.71 
-2.82 
-0.88 
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Results 
Age (P: 37±7 yr, C: 36+3 yr), body mass (P: 68+9 kg, C: 74±18 kg), body 
length (P: 182+5 cm, C: 175±5 cm) duration of disability (P: 9.6+3.1 yr, C: 
8.4±2.9 yr) and hours of training per week (P: 8.6+2.9 h, C: 9.4±3.1 h) were 
not significantly different between both groups. 
Table 1 
Physiological responses during maximal arm-cranking exercise in paraplegics (P) 
and control subjects (C). HR=heart rate (beats.min1), R=respiratory exchange 
ratio, BE=base excess. * ρ < 0.05 
Subject 
PI 
P2 
P3 
P4 
P5 
Mean ± SD 
Cl 
C2 
C3 
C4 
C5 
Mean ± SD 
VO,max 
(l-min1) 
2.05 
1.11 
2.17 
2.06 
2.15 
1.91+0.45 
2.60 
2.52 
2.67 
2.78 
2.70 
2.64+0.13 
HR 
(bmin') 
194 
156 
187 
164 
191 
179+19 
171 
179 
168 
179 
173 
175 ± 5 
R 
1.26 
0.91 
1.27 
1.08 
1.21 
1.15±0.15 
1.12 
1.05 
1.10 
0.97 
0.92 
1.04±0.07 
BE 
(mEq-r1) 
-11.1 
-4.0 
-14.0 
-11.5 
-9.7 
-10.1±4.5 
-12.4 
-13.0 
-11.7 
-7.5 
-4.6 
-10.3±4.2 
Wmax 
(watt) 
110 
80 
150 
140 
130 
122±28 
140 
150 
170 
170 
160 
158±13 
Maximal exercise 
Table 1 shows responses to maximal arm-cranking exercise for both groups. 
Compared to objective criteria for maximal exercise (HR> 170 beats.min"1, BE<-
10 mEq.r', R> 1.00; Sawka 1986), not all subjects met two out of three criteria 
(P2, C4, C5, table 1), however, subjectively it was their maximal effort. Even 
after repeated measurements of maximal exercise on separated days, they did not 
reach higher values. Significantly lower VC^peak (27.7%) and Wmax (22.8%) 
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were observed in paraplegics versus control subjects. 
Submaximal exercise 
Due to the higher Wmax and higher V02peak, Q and V02 at 20%, 40% and 
60% Wmax were higher in the control group. VO, and HR were not significantly 
different between the 6th and 7th minute of each bout of submaximal exercise, 
suggesting steady state conditions. 
Systolic blood pressure increased (+8.5%) with an inflated suit before exercise 
was started, while diastolic blood pressure remained unaltered in the paraplegic 
group (table 2a). The control subjects demonstrated no changes neither in systolic 
nor in diastolic blood pressure (table 2b). 
Table 2a 
Physiological responses to submaximal arm-cranking exercise, with (G+) and 
without (G-) an anti-G suit, in paraplegic subjects. Values are means ± SD. 
**p < 0.01, *p < 0.05 
Exercise level 
(% Wmax) 
Oxygen uptake 
(I-min'1) 
Cardiac output 
fl-min'1) 
Stroke volume 
(ml) 
Heart rate 
(beats-min"1) 
Blood pressure 
- systolic 
- diastolic 
G-
G+ 
G-
G + 
G-
G+ 
G-
G + 
20% 
0.71+0.06 
0.70+0.09 
6.7±1.4 
5.8±0.8 
78 + 19 
68 ±17 
88±14 
88+15 
40% 
1.01±0.17 
0.99+0.17 
8.8 + 1.7 
8.5±1.6 
83 + 18 
87+27 
106±13 
100+13** 
60% 
1.35±0.26 
1.34±0.25 
12.9±3.5 
12.2±2.7 
99 ±30 
104±25 
132±12 
118±13** 
G- 117 mmHg G+ 127 mmHg * 
G- 78 mmHg G + 79 mmHg 
At 20% exercise level, no significant differences were observed for either group 
with or without an anti-G suit. Likewise, at 40% and 60% Wmax no significant 
differences were found in Q, V02, or blood gases in both groups (table 2a, 2b, 
table 3). 
Paraplegic subjects exhibited significant changes in circulation at 40% and 60% 
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exercise levels when wearing the anti-G suit. Specifically, paraplegics demonstra-
ted a significant decrease in heart rate (5.7% at 40% and 10.6% at 60% Wmax). 
Furthermore, although not significant, stroke volume, increased (4.8% at 40% and 
5.0% at 60% Wmax) (table 2a). 
In control subjects stroke volume increased only slightly (+3.2%) at 60% Wmax 
with an anti-G suit, whereas no other changes no other changes in stroke volume 
or heart rate were seen (table 2b). 
The effect of an anti-G suit on heart rate was significantly different between both 
groups (p=0.03). 
Table 2b 
Physiological responses to submaximal arm-cranking exercise, with (G+) and 
without (G-) an anti-G suit, in control subjects. Values are means ± SD. 
Exercise level 
(% Wmax) 
Oxygen uptake 
(I-min-1) 
Cardiac output 
(l-rnin-1) 
Stroke volume 
(ml) 
Heart rate 
(beats min') 
Blood pressure 
- systolic 
- diastolic 
G-
G + 
G-
G + 
G-
G + 
G-
G + 
20% 
0.86+0.05 
0.86±0.10 
8.0±0.8 
8.4+1.8 
92±15 
96 ±30 
88±11 
86±12 
40% 
1.32+0.11 
1.27±0.10 
11.9±1.0 
11.8+2.3 
117±19 
115+36 
103±12 
104+10 
60% 
1.74±0.20 
1.76±0.09 
16.5±2.7 
15.5±1.0 
125±14 
129±19 
125±14 
121±15 
G- 123 mmHg G+ 124 mmHg 
G- 84 mmHg G+ 81 mmHg 
Figure 2 illustrates the effect of the anti-G suit on the relationship between 
steady-state VO2 and Q, SV and HR during arm-cranking exercise for paraplegics 
and control subjects. This figure demonstrates the compensatory cardiovascular 
responses in paraplegics (lower stroke volume and higher heart rate compared to 
the control group) and in addition the decrease in heart rate and the increase in 
stroke volume with an inflated anti-G suit, resulting in an unaltered cardiac output. 
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Discussion 
In the present study an anti-gravity suit was used on paraplegics in an attempt to 
decrease venous capacitance below the lesion. The anti-G suit was inflated to a 
pressure of 52 mmHg (1 psi) to reduce venous capacitance in legs and abdomen 
without compressing arterial vessels in a sitting position (Kravik et al. 1986; 
Alexander et al. 1987; Hoffman et al. 1987; Hinghofer-Szalkay et al. 1988; 
Guezennec et al. 1989). Some investigators used higher filling pressures (102, 204, 
306 mmHg) in able-bodied subjects and suggested an improvement in efficiency of 
the anti-G suit at increasing inflation pressure with regard to the prevention of 
orthostatic failure (Seaworth et al. 1985). These higher filling pressures, however, 
will influence arterial vessels and may inflict eschemic damage. A pressure of 52 
mmHg will affect the venous system only and will not cause eschemia to subcuta-
neous tissue and skeletal muscle resulting in necrotic damage during the extended 
time periods (Bastien 1989). 
In the present investigation no significant changes were observed in cardiac 
output or oxygen uptake for either paraplegics or controls with or without an anti-
G suit at the same submaximal exercise level (figure 2). In other words, an anti-G 
suit appears not to influence cardiac output or oxygen uptake at a submaximal 
exercise level. Furthermore, no significant differences were found in cardiac output 
between the two groups at the same levels of oxygen uptake, consistent with 
previous investigations (Binkhorst et al. 1984; De Bruin and Binkhorst 1984) 
demonstrating an isokinetic circulation (the same Q at the same VO2) in paraplegics 
compared to able-bodied subjects (figure 2). 
Seaworth et al. (1985) observed an increase in cardiac output directly after 
inflating the suit, followed within the next minutes by a gradual decline. Gray et 
al. (1969) found changes in cardiac output to be transient within 45 seconds after 
inflation of the anti-G suit in able-bodied subjects, which may be due to barorecep-
tor and venomotor reflex responses (Rothe 1983). In the present investigation, 
since cardiac output was measured during steady-state exercise, when the anti-G 
suit has been inflated for seven minutes, transient changes were not recorded. 
However, before exercise, immediately after inflating the suit, systolic blood 
pressure in paraplegics increased, suggesting an increase in cardiac output at that 
moment. 
Davis et al. (1990) reported an increase in cardiac output using functional 
neuromuscular stimulation (FNS) of the leg-muscles in paraplegics at the same 
submaximal power output. This could be due to a higher oxygen consumption in 
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FNS-induced leg muscles, although oxygen uptake did not significantly increase 
during FNS-application. Hooker et al. (1989) demonstrated higher cardiac output 
and oxygen uptake during arm exercise and FNS of the leg-muscles compared to 
arm exercise alone. Possible explanations for these different findings in changes in 
cardiovascular responses during these external interventions in paraplegics may be 
the different methods used to decrease venous capacitance, i.e., anti-G suit (present 
investigation), pulsatile isometric contractions by FNS (Davis et al. 1990) or 
dynamic leg exercise by FNS (Hooker et al. 1989). 
CARDIAC OUTPUT vs. OXYGEN UPTAKE 
O (Unan) 
——paraplegics -
-•i—paraplegics + 
-*- controls — 
- G — controls + 
/ 
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Figure 2 
Cardiac output (φ, stroke volume (SV) and heart rate (HR) in relationship to 
oxygen uptake (VOJ during arm-cranking exercise, in paraplegics (P) and control 
subjects (C) with (+) and without (-) an anti-G suit. 
Although, stroke volume was higher in paraplegics with an anti-G suit, this was 
not significant. The effect of the anti-G suit on stroke volume was also not 
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significantly different between both groups. This may partly be due to the variabili-
ty in stroke volume. Since stroke volume was calculated from cardiac output and 
heart rate, the variability in stroke volume is caused by the variability in determi-
ning cardiac output (variability 5-10%). Other investigators (Glaser 1986; Hooker 
et al. 1989; Davis et al. 1990) using functional neuromuscular stimulation (FNS) of 
paralysed leg muscles found an increase in stroke volume. FNS may be more 
effective in this regard since FNS is an active, pulsatory application on the legs, 
whereas the anti-G suit is a passive external intervention on legs and abdomen. 
One investigation described a pulsating anti-G suit in experimental phase used in a 
dynamic flight simulator in able-bodied subjects (Moore et al. 1987). To elucidate 
the differences in effects, these applications should be carried out with the same 
paraplegic subjects. 
The significantly lower heart rate at the same oxygen uptake level during 40% 
and 60% Wmax within the paraplegic group using an anti-G suit strongly indicates 
circulatory benefits of this application most probably due to a diminished venous 
blood pooling. This was supported by the opinion of the paraplegics that exercise 
was easier to perform with an anti-G suit. The significant difference in effect of the 
anti-G suit on heart rate between both groups seems to corroborate the hypothesis 
of venous blood pooling in paraplegics. Control subjects with normal vasoconstric-
tion in non-exercising muscles and active leg muscle pump have no circulatory 
benefit using an anti-G suit. In paraplegics, however, the anti-G suit decreases the 
venous capacitance in legs and abdomen and, therefore, the redistribution of blood 
is improved during exercise. 
Maximal power output and peak oxygen uptake were significantly lower in 
paraplegics compared to the control subjects in spite of the same training status 
(Zwiren and Bar-Or 1975). This may partly be explained by a smaller active 
muscle mass in paraplegics due to the lack of active stabilization of the body using 
leg and trunk muscles whereas the controls have the ability to stabilize the lower 
part of the body and use this as a fulcrum from which they can push. In addition, 
the lower stroke volume in paraplegics appears to be a limiting mechanism in 
maximal cardiac output and, therefore, in peak oxygen uptake. Using an anti-G 
suit in paraplegics during exercise, cardiac preload may be enhanced and stroke 
volume may increase which could be an improvement of maximal performance in 
paraplegics. This, however, should be experimentally tested. 
This study provides important evidence for the beneficial properties of an anti-G 
suit in preventing venous blood pooling during exercise in paraplegic subjects. The 
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application of the anti-G suit deserves additional investigation. Further research 
should, for instance, be directed towards the applications of the anti-G suit in 
rehabilitation for prevention of orthostatic hypotension. The advantages of an anti-
G suit over hosiery could be the exact regulation of the pressure and the equal 
pressure distribution. Furthermore, an anti-G suit can be used by several persons 
independent of the duration or type of the lesion whereas hosiery depends on leg 
size, which changes due to muscle-atrophy. Lastly, an anti-G suit incorporates also 
the abdomen. In training programs for paraplegics an anti-G suit could give a more 
central training effect (i.e., an increase in stroke volume), which may increase 
maximal performance. The effect of different inflation pressures in the anti-G suit 
and the effect of a pulsating anti-G suit (Moore et al. 1987) should also be 
investigated. 
Conclusion 
The anti-G suit has shown in this study to offer central haemodynamic benefits in 
paraplegics by decreasing venous capacitance below the lesion. This study confirms 
the hypothesis of blood pooling below the lesion by showing differences in 
cardiovascular effect of the anti-G suit between paraplegics and control subjects. 
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Summary 
The purpose of this study was to examine whether lower body positive pressure 
(PP) could improve maximal performance in paraplegic subjects (P). PP may 
diminish venous blood pooling (VBP) below the lesion and, therefore, support the 
redistribution of blood during exercise. 12 male Ρ subjects with complete spinal 
cord-lesions between T6 and T12, and 13 male able-bodied control subjects (C), 
performed maximal arm-cranking exercise with and without PP (52 mmHg) by 
means of an anti-gravity suit. Ρ and С subjects had a significantly lower maximal 
heart rate (HRmax) with PP than without (P: 176 + 10 vs 184+7 bmin 1; C: 
174+8 vs 177±8 bmin"1), whereas maximal power output (Wmax) and oxygen 
uptake (VC^max) remained unchanged. This suggests that PP provides Ρ and С 
with central hemodynamic benefits. These benefits, however, did not result in 
improvements in Wmax or V02max, probably due to other limitations in the 
complex and closely linked oxygen uptake process. During submaximal exercise 
the circulatory benefits were more pronounced in Ρ than in C, probably due to the 
decrease of the VBP by PP. The results of this study suggest that PP appear to 
offer both Ρ and С groups a central hemodynamic benifit without improving 
maximal performance. 
Introduction 
Confinement to a wheelchair following spinal cord injury is not only associated 
with inactivity and degenerative symptoms like muscle atrophy and loss of bone 
integrity but also with changes in cardiovascular responses to physical activities 
(Fuhrer 1990). 
Previous studies investigated cardiovascular responses to arm exercise in spinal 
cord-injured subjects and reported a lower maximal power output and oxygen 
uptake in these subjects compared to able-bodied subjects during maximal arm 
exercise (Hopman et al. 1992a). One possible reason for the difference in work 
capacity could be the failure in the redistribution of blood for spinal cord injured 
individuals (SCII). That is, due to the combined absence of sympathetic mediated 
vascular reflexes and the lack of leg-muscle pump activity, blood could be pooling 
in the areas below the lesions (Bidart and Maury 1973; Kinzer and Convertino 
1989; Hopman et al. 1992d). As a consequence, the increase in preload that 
usually occurs as exercise intensity increases is abated. Thus, in accordance with 
the Frank-Starling mechanism, stroke volume (SV) should be lower in SCII when 
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compared to able-bodied individuals at similar work levels. Indeed, this has shown 
to be the case (Kinzer and Convertino 1989; Hopman et al. 1992a; Hopman et al. 
1992c), with SCII having a higher submaximal heart rate (HR), suggesting that 
they are attempting to compensate for lower SV with higher HR to produce the 
same cardiac output (Q). At maximal exercise, however, HR reaches a maximum 
value and, therefore, the lower SV may act as a limiting factor in the augmentation 
ofQ. 
Various attempts have been made to decrease venous capacitance below the 
spinal cord lesion in order to increase end-diastolic ventricular volume and to 
enhance SV during arm exercise. Functional neuromuscular stimulation (FNS) of 
the paralysed lower limb muscles was used to simulate the leg-muscle pump 
(Glaser et al. 1985; Hooker et al. 1989; Davis et al. 1990). These investigators 
reported an increase in oxygen uptake, SV and Q during exercise with FNS. This 
could be explained by both, a decrease in venous capacitance below the lesion as 
well as an increase in active muscle mass available for exercise (Glaser et al. 1985; 
Hooker et al. 1989). 
Other investigators studied the application of an anti-G suit, which puts external 
pressure on legs and abdomen in order to diminish venous blood pooling below the 
lesion and to support the redistribution of blood in spinal cord-injured subjects 
during arm exercise (Hopman et al. 1992b; Pitetti et al. 1992). These investigators 
reported a significantly lower HR at the same power output and oxygen uptake 
during submaximal arm exercise, while using the anti-G suit. Q remained unchan-
ged, which suggests that the anti-G suit diminishes venous blood pooling below the 
lesion resulting in an increased SV (Hopman et al. 1992b; Pitetti et al. 1992). It is 
of high interest whether the observed central haemodynamic benefits of an inflated 
anti-G suit during submaximal exercise could lead to an enhanced maximal 
performance in spinal cord-injured subjects. 
The purpose of this study was, therefore, to investigate if positive pressure by 
means of an anti-G suit applied on the legs and abdomen in paraplegic subjects, 
could enhance maximal performance during arm exercise. 
Materials and methods 
Subjects 
12 male paraplegic subjects (P) and 13 male able-bodied control subjects (C), 
aged between 20-40 years, participated in this study. The study was approved by 
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the Faculty Ethics Committee and all subjects gave their written informed consent. 
Ρ subjects had complete spinal cord lesions between T6 and T12 (3 subjects T7; 3 
subjects T8, T9 and T10, respectively; 6 subjects T12), reassuring a normal 
autonomic innervation of the heart. The lesions had existed for at least two years. 
Both Ρ and С were well-trained athletes, who participated in wheelchair marathon 
and basketball and, for C, in several kind of sports. The extent of the sport 
activities was equal in both groups. All subjects underwent a comprehensive 
medical examination from which no impediment for participation in this investigati­
on was found. None of the subjects used medicines likely to affect the results. 
Table 1 
Physical characteristics of paraplegic and control subjects. 
Values are means ± SD. * ρ < 0.05 
Age (yr) 
Body mass (kg) 
Skinfold thickness (mm) 
Height (m) 
Sports activity (hr.wk1) 
Paraplegic subjects 
n = 12 
33 ± 7.9 
66.0 ± 10.0 * 
13.2 ± 4.9 
1.81 ± 0.05 
5.8 ± 2.5 
Control subjects 
n = 13 
30 ± 5.3 
75.0 ± 8.8 
12.0 ± 3.7 
1.83 ± 0.07 
5.7 ± 2.7 
Protocol 
All subjects performed two maximal arm-cranking exercise tests. One test was 
performed with positive pressure (PP) applied on the legs and abdomen by means 
of an inflated anti-G suit and one test was performed with the anti-G suit deflated 
and, thus, without positive pressure (NPP). Inflation or deflation of the suit was 
assigned in random order using a counterbalanced design. The pressure in the anti-
G suit was manually kept at 52 mmHg throughout the test. In order to create 
optimal comparable circumstances, the tests were conducted at the same time of 
the day, the same day of the week, exactly one week apart. On both occasions, 
temperature in the experimental room was maintained between 20oC and 220C 
with a relative humidity of 45% to 50%. 
At the first visit, subjects were weighed on a hospital scale and skinfold thick­
ness was determined as the sum of four skinfolds, i.e. biceps, triceps, subscapular 
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and suprailiac using a Holtain calliper (Holtain Ltd. Crymmych, U.K.). Body 
height was taken from the medical file. All subjects wore a t-shirt, long trousers 
and the anti-G suit. At least two hours prior to each test, subjects refrained from 
caffeine, alcohol or nicotine. 
A continuous multistage protocol was used to achieve maximal performance 
(Washburn and Seals 1983). Power output was increased by 10 watt (W) every 
minute beginning at 10 W, with a cycle frequency between 60 and 70 rpm (Sawka 
1986). The test was terminated when, even after verbal encouragement by the 
examiner, the cycle frequency fell below 50 rpm. HR > 170 beats.min"1, BE<-10 
mEq.l"1 and R> 1.00 were used as objective criteria for maximal exercise (Sawka 
1986). The participants were only informed about their achieved performances 
after the second test. 
Materials 
Exercise was performed using an electro-magnetic arm-crank ergometer (modi-
fied cycle ergometer, Lode, Groningen, The Netherlands). The subjects sat in a 
wheelchair fixed to the floor. The crank unit was adjusted so that the axis was at 
the shoulder level (Cummins and Gladden 1983). During cranking the arms were at 
no time fully extended. 
The anti-G suit, (Anti-G Garment Cutaway CSU-13B/P), consisted of five 
interconnected bladders (two calf, two thigh and one abdominal), and neither the 
hip or knee area were covered. The suit was inflated with air via the abdominal 
bladder using a manual pump to a pressure of 52 mmHg (1 psi), controlled by a 
gauge inserted between the pump and the anti-G suit. Previous studies showed that 
this inflation pressure could put enough pressure on the venous system with 
negligible effect on the arterial vessels and it was well-tolerated for extended time 
periods (Gray et al. 1969; Alexander et al. 1987; Hinghofer-Szalkay et al. 1988; 
Guezennec et al. 1989). 
Measurements 
During both tests, oxygen uptake (VO2), respiratory ventilation (Ve), tidal 
volume (Vt) and breathing frequency (Fr) were measured and averaged over 30 
second-intervals. The subjects breathed through a Hans Rudolph valve connected to 
an automatic gas analyzer (Oxycon IV, Mijnhardt, Bunnik, The Netherlands). This 
included a dry gas-meter, a paramagnetic O2 and an infra-red CO2 analyzer 
calibrated daily with gas-mixtures analyzed by the Scholander technique. 
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ECG and heart rate (HR) were monitored continuously. ECG was recorded 
every minute using a cardiotachograph while HR was recorded every 30 seconds. 
Blood pressure was measured by means of the indirect auscultation method at 
the right arm using a sphygmomanometer (Erkameter, Germany). In order to study 
the effect of suit-inflation blood pressure was measured, before starting the 
exercise, prior to inflation and immediately after inflation of the anti-G suit. 
Immediately after termination of the test blood pressure was measured again. After 
five minutes recovery blood pressure was measured before deflation. During the 
test no blood-pressure measurements were carried out to avoid disturbances in 
other measurements. 
Blood gases were determined in a capillary ear-lobe blood sample, after rubbing 
the ear-lobe with a vasodilating ointment (IL blood Gas Analyzer, model 1312). 
One blood sample was taken before starting the test and two blood samples were 
taken at two and three minutes after termination of the test, respectively. Base 
excess (BE) was calculated using pH, PCOj, P0 2 and concentration of haemoglo­
bin, the latter was measured by the Hemocue (Kwant et al. 1987). 
Statistical analysis 
A Student's t-test was used to asses the significance of differences in physical 
characteristics and in maximal responses between Ρ and C. A paired Student's t-
test was applied to determine the effect of PP on physiological responses within the 
P-group and within the C-group. Differences in PP-effects between the P-group 
and C-group were assessed by the Student's t-test. In case of non-normally 
distributed data the Mann-Whitney U test was used. A two-tailed alpha < 0.05 
was considered to be statistically significant. 
Results 
The physical characteristics, shown in table 1, were not significantly different 
between both groups with the exception of body mass, being significantly lower in 
P. 
Table 2 presents the physiological responses to maximal arm exercise for both 
groups with and without the application of PP. All subjects met at least two out of 
the three objective criteria for maximal exercise indicating that for all subjects it 
was a maximal effort on both occasions. 
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Table! 
Physiological responses during maximal arm-cranking exercise in paraplegic and 
control subjects with and without lower body positive pressure (52 mmHg). Values 
are means + SD. [PP: Positive Pressure, NPP: Non-Positive Pressure, Wmax: 
Maximal Power Output, VO/nax: Maximal Oxygen Uptake, HRmax: Maximal 
Heart Rate, Ve: Expiratory Ventilation, Fr: breathing frequency, Vt: Tidal Volume, 
BE: Base Excess]. # significantly different between groups (p < 0.05), * signifi­
cantly different within groups between PP and NPP (p < 0.05). 
Wmax (W) 
V02max (l.min1) 
VCbmax.kg"1 
(ml.min1.kg1) 
HRmax 
(b.min-1) 
Ve (l.min-1) 
Fr (br.min1) 
vt(i) 
BE (mEq.l1) 
Paraplegic subjects 
NPP 
124.6±18.6# 
1.9±0.4# 
29.7+7.0 if 
184.0±7.2 # 
83.9+17.2# 
44±8 
2.0+0.6 
-10.9±1.6 
PP 
123.3±17.2# 
1.8+0.2 # 
28.2±5.2# 
179.3 +10.4#* 
75.9+11.1 # 
43 ±12 
1.9+0.7 
-11.2±1.5 
Control subjects | 
NPP 
148.5±30.6 
2.7+0.5 
35.5±5.3 
177.0±9.3 
104.5±28.3 
45 + 11 
2.4±0.3 
-12.8+2.0 
PP 
148.1 ±28.1 
2.6±0.4 
35.4±5.1 
174.3±8.4* 
109.4±27.6 
46±11 
2.4±0.3 
-12.3±1.6 
A significantly lower maximal power output (Wmax), maximal oxygen uptake 
(VC^max), maximal oxygen uptake related to body mass (VOjmax.kg1) and Ve, 
and a significantly higher maximal HR (HRmax) were found in Ρ compared to С 
for both the PP and the NPP test. 
For both, Ρ and C, no significantly differences were found in Wmax, VOjmax, 
VOjiriax.kg ', Ve, Vt or Fr between the PP and the NPP test. HRmax, however, 
was significantly lower in Ρ (-2.7%, p=0.015) and in С (-1.5%, p=0.024), while 
applying PP (table 2). No significantly differences were found in the PP-effects at 
maximal exercise between both groups. At submaximal exercise levels, the effect 
of PP on HR was more pronounced in Ρ than in С (figure 1). 
The blood pressure values, presented in table 3, showed a nonsignificant 
tendency to increase after inflating the anti-G suit in both groups. Immediately 
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after exercise the Ρ and С group demonstrated an increased systolic and decreased 
diastolic blood pressure, both more explicit in the С group. The blood pressure 
measurements at 5 minutes after finishing exercise revealed a decline towards the 
blood pressure values as measured before exercise. Between Ρ and C, no signifi­
cant differences in blood pressure values were found. 
Blood gases were not significantly different between either group during 
maximal exercise with or without PP. 
Table 3 
Blood pressure values (mmHg) of both maximal tests, with and without positive 
pressure, in paraplegic and control subjects. Blood pressure was measured before 
exercise, before and after inflation of the anti-G suit, and after exercise. Values are 
means ± SD. [PP: Positive Pressure, NPP: Non-Positive Pressure, S: Systolic 
blood pressure, D: Diastolic blood pressure]. 
1 
1 
Before exercise, 
before inflation 
Before exercise, 
after inflation 
Immediately after 
termination of the 
test 
5 min after exercise 
S 
D 
D 
S 
D 
S 
D 
Paraplegic subjects 
NPP 
135 ±22 
85 + 13 
178±41 
40+39 
142+31 
76±13 
PP 
134±17 
79 ±20 
137±15 
88±14 
185±41 
42+40 
141 ±30 
68 ±29 
Control subjects 
NPP 
126±12 
73±10 
191 ±27 
36 ±34 
131±14 
61±13 
PP 
126±8 
82+9 
132±7 
86±11 
201 ±27 
38±33 
147±13 
66±16 
Discussion 
The anti-G suit, originally developed to improve a pilot's tolerance to Gz-accele-
ration to prevent black-outs in high-performance aircrafts has also been used 
successfully for the treatment of haemorrhagic shock and for preventing postural 
hypotension in clinical situations (Kravik et al. 1986; Hinghofer-Szalkay et al. 
1988). This indicates that an inflated anti-G suit decreases venous capacitance of 
the lower body. In this study an anti-G suit was used to investigate the effects of 
lower body PP on cardiovascular responses and maximal performance during arm 
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exercise in paraplegic subjects compared to able-bodied control subjects. 
Maximal exercise 
Since skinfold thickness and height were not significantly different between both 
groups, the observed lower body mass in Ρ compared to С was undoubtably due to 
muscle atrophy below the lesion. The smaller muscle mass available for exercise 
and stabilization and the lack of a fulcrum for pushing off during arm exercise 
could partly explain the lower Wmax, VO^max and VC^max.kg"1 during maximal 
exercise in Ρ compared to C. In addition, the impaired redistribution of blood 
during arm exercise, resulting in a venous blood pooling below the lesion and a 
diminished increase in mean systemic filling pressure, may act as a restrictive 
mechanism in maximal performance in P. The lower mean systemic filling 
pressure may be responsible for the higher cardiac sympathetic activity, which may 
explain the compensatory tachycardia and the significantly higher HRmax in Ρ 
compared to С (Kinzer and Convertino 1989; Hopman et al. 1992a). 
Positive pressure 
The significant decrease in HRmax in Ρ and С during exercise with PP, in 
combination with an unchanged Wmax and VOjmax, could be explained by the 
effect of PP on blood volume displacement from the lower body to the central 
circulation during arm exercise. Apparently, the inflated anti-G suit decreases 
venous capacitance below the lesion and, therefore, right ventricular filling 
pressure may be enhanced, resulting in an enlarged SV (Alexander et al. 1987; 
Guezennec et al. 1989; Hopman et al. 1992b). This may explain the reduction in 
HRmax at almost the same VOjmax. The more pronounced decrease in HR at 
submaximal exercise levels during the maximal test, in Ρ compared to C, may res­
ult from the existence of a venous blood pooling below the lesion in Ρ and, 
consequently, a larger effect on the blood volume displacement by PP (Hopman et 
al. 1992d). The haemodynamic benefits are, therefore, more clear-cut in Ρ than in 
С who have only an additional effect on the redistribution of blood by PP. The PP-
effect in Ρ is in agreement with previous investigations, in which a decline in HR 
at the same submaximal work load was reported in spinal cord-injured subjects, 
while using lower body PP (Hoffman et al. 1987; Hopman et al. 1992b; Pitetti et 
al. 1992). 
The positive effect on the central circulation while using PP, however, did not 
result in a concommitant increase in maximal performance. This is illustrated in 
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figure 1 by demonstrating a marked decrease in HR during submaximal exercise in 
P, which was obviously more than the HR decrease in C, strongly indicating that 
PP provides Ρ with greater haemodynamic benefits. Near maximal exercise, 
however, the positive effect of PP is probably counteracted by other mechanisms. 
HR (b.min ) 
Figure 1 
Heart rate (HR) in b.min' in relationship to oxygen uptake (VOJ in l.min' during 
arm-cranking exercise, in paraplegic subjects (P) and control subjects (C) with (+) 
and without (-) lower body positive pressure. = with positive pressu­
re, - = without positive pressure. 
Obviously, an improvement of central circulatory adaptation to exercise does not 
naturally lead to an increased maximal exercise performance (Morgan et al. 1971; 
Clausen 1973). In general, maximal performance is defined by the capacity of 
oxygen transport, delivery and consumption, which depends on the functional 
capacities of lungs, cardiovascular system, muscle mitochondria and aerobic 
enzymes (Shenberger et al. 1990; Saltin and Strange 1992). The central circulatory 
adaptation to exercise is just one link in this complex and closely linked oxygen 
uptake process. Improvement of one of the links that is considered to be the 
weakest may shift the limitation to another link. Thus, improving the central 
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circulatory adaptation to exercise only, will not, by definition, result in an increase 
in Q or oxygen uptake. 
As indicated by the equal BE values after the PP and the NPP test, the aerobic 
and anaerobic contribution to maximal exercise seemed not to be influenced by the 
circulatory benefits of PP. This suggests that the limitation in the maximal oxygen 
uptake is located in the oxygen delivery or the oxygen consumption. 
Additionally, Ρ have a smaller muscle mass available for exercise, which may 
act as a restrictive link in the maximal oxygen uptake (Àstrand and Saltin 1961; 
Stenberg et al. 1967). The increase in VC^max during arm exercise with FNS of 
the paralysed leg muscles, as found by Glaser et al. (1985), Hooker et al. (1989) 
and Phillips et al. (1989), could be explained by an enlargement of the active 
muscle mass. Electrical stimulation will lead to muscle contractions and, conse-
quently, to an increase in oxygen consumption in the paralysed leg muscles, 
without making a contribution to the arm-cranking power output. This lends 
support to the idea that the small active muscle mass in Ρ may act as a restrictive 
mechanism to an increase of the maximal oxygen consumption during arm exerci­
se. 
Pitetti et al. (1992) reported a significant increase in the maximal work level and 
oxygen uptake during arm exercise with lower body PP compared to NPP. It 
should be noted that they mainly tested untrained quadriplegic subjects whereas in 
the present study well-trained paraplegic subjects were involved. Quadriplegic 
subjects, who have higher lesion-levels than P, may have a larger venous blood 
pooling and, therefore, the anti-G suit may offer greater haemodynamic benefits in 
these subjects. The training status may, to a certain extent, define the limitations of 
the links in the oxygen uptake process and, thus, to an important degree the 
possibilities to enhance maximal performance (Saltin and Strange 1992). Well-
trained subjects may have reached already their limitations of several links in the 
oxygen uptake process, whereas in untrained quadriplegic subjects the central 
circulatory adaptation may be the most important limitation in this process (Fland-
rois et al. 1986; Kessler et al. 1986). 
Exercise with an anti-G suit may benefit the central adaptation to training, i.e. 
an increase in SV and heart size, more than the usual mode of training, which may 
lead to an improvement of peripheral adaptation, such as oxygen delivery and 
utilization (Clausen et al. 1973; Saltin et al. 1976; Holloszy and Coyle 1984; Davis 
et al. 1987; Loftin et al. 1988; Connor 1991; Davis et al. 1991). 
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Positive pressure and blood pressure 
The tendency towards a raise in blood pressure after inflation of the anti-G suit 
lends credence to a shift of blood volume from the peripheral, i.e. lower body, to 
the central circulation (Seaworth et al. 1985; Kravik et al. 1986). The more 
explicit increased systolic and decreased diastolic blood pressure in С than in P, 
immediately after the subjects had finished exercising may result from a higher 
cardiac output, as may be deducted from the higher VOjmax in С compared to P. 
Positive pressure and ventilation 
The abdominal bladder of an inflated anti-G suit may influence respiratory 
parameters by generating compression on the abdominal wall. It may deteriorate 
respiratory values by restricting the abdominal distensibility and, therefore, the 
diaphragmatic displacement (Froese and Bryan 1974). In this study, respiratory 
parameters in Ρ and C, i.e. Ve, Vt, and Fr, showed no differences during exercise 
with or without PP. This was in agreement with the results of the study of Kerk et 
al. (1992) but contradicted findings of Goldman et al. (1986) and Ward et al. 
(1992) who reported an enhanced vital capacity and an increase in Ve during 
exercise, respectively, while using an abdominal binder in spinal cord-injured 
subjects. They explained their findings by assigning positive effects on the length-
tension relationship of the diaphragm, to the abdominal binder by supporting the 
weak abdominal muscles in P. In contrast to an abdominal binder, the abdominal 
bladder of an anti-G suit seemed not to influence respiration, probably because the 
air-displacement between the abdominal bladder and the other bladders of the suit 
allowed a normal respiration. 
The inflated anti-G suit seems to offer haemodynamic advantages during exercise 
in P. Further research, however, is required to make the application of the anti-G 
suit suitable for practical use in spinal cord-injured subjects. Special attention has 
to be focused on possible training benefits of exercise with an inflated anti-G suit. 
Conclusion 
The inflated anti-G suit provides paraplegic subjects with central haemodynamic 
benefits, however, this appeared not be the key to an increase in maximal perfor­
mance probably due to other limitations in the complex and closely linked oxygen 
uptake process. 
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General discussion 
In the investigation underlying this thesis cardiovascular behaviour during physical 
activities was studied for persons with paraplegia. The physical activities consisted of 
arm-cranking, a well-controlled and highly-reproducible mode of exercise. The scope 
of this thesis is restricted to a selection of major aspects of cardiovascular responses 
during arm exercise in a well-defined group of spinal cord-injured persons. 
Methods 
It is beyond the scope of this study to investigate all aspects of cardiovascular 
responses to exercise. Regarding central circulation, attention has been paid to cardiac 
output, heart rate, stroke volume and arterial blood pressure. Cardiac output was 
determined by the CO2 rebreathing method at different levels of submaximal exercise. 
Since physiological responses to leg exercise are different from those during arm 
exercise the previously reported validity and reproducibility of the CO2 rebreathing 
method in determining cardiac output during leg exercise had to be verified during 
arm exercise (chapter 2). The C02 rebreathing method proved to be a valid and 
convenient method for determining cardiac output during arm exercise provided that 
subjects had no pulmonary diffiision disorders and exercise was in a steady-state 
phase. Recently, however, some investigators have suggested that steady-state exercise 
is no longer a prerequisite for using the C02 rebreathing method to determine cardiac 
output (McKelvie et al. 1987; Auchincloss et al. 1991). Heart rate was measured 
during maximal and submaximal exercise and stroke volume was calculated from 
cardiac output and heart rate. 
Since subjects performed arm exercises, blood pressure measurements, by the 
indirect auscultation method with a cuff at the arm, is difficult and probable not 
reliable. In this study arterial blood pressure was measured before and immediately 
after the subjects had finished exercising, and in a few cases during exercising while 
по 
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using only one arm to exercise. Since blood pressure is an essential aspect of the 
cardiovascular adaptation to exercise (Àstrand et al. 1965; Frankel et al. 1972), it is 
worthwhile to direct research towards the development of a reliable method for 
measuring blood pressure during arm exercise. 
Peripheral circulation was studied by means of strain gauge plethysmography, 
which was used to measure leg-volume changes during submaximal arm exercise as 
an indication for peripheral vasoconstrictor and vasodilatator activities (chapter 6). 
Maximal exercise elicited functional limits of the cardiovascular system based on 
central or peripheral mechanisms, which may be useful to study additional aspects of 
the cardiovascular regulation (Saltin and Strange 1992). 
Paraplegic subjects 
A huge problem in studying the cardiovascular behaviour of persons with a spinal 
cord injury is the great variety in spinal cord lesions with respect to its level and 
completeness. This results in an enormous heterogeneity in physiological and 
functional behaviour. To achieve a more homogeneous group a specified group of 
paraplegic subjects, with complete lesions between Tl and T12, was selected for this 
study, except in the study of chapter 6, in which subjects with complete and 
incomplete lesions participated. In parts of the study the participation was restricted 
to subjects with a complete spinal cord lesion between T6 and T12, to ensure an intact 
cardiac innervation. In addition, subjects were selected on physical fitness and the 
duration time of the lesion. All subjects were moderately or well-trained and the lesion 
had to exist for at least two years, the latter suggesting a relatively stable physical and 
mental condition of the subjects. 
Cardiac output and the stroke volume - heart rate relationship 
The appropriate adjustment of the circulation during exercise in able-bodied subjects 
is regulated by the central nervous system, in particular, by the autonomic nervous 
system and reflex mechanisms, and by humoral influences and local mechanisms 
(Asmussen and Nielsen 1956; Àstrand and Rodahl 1977; Rowell 1984; Saltin 1985). 
In paraplegic subjects the sensorie -, motoric - and autonomic pathways from central 
to peripheral are disrupted due to the spinal cord lesion and, consequently, 
cardiovascular adjustments to exercise may have changed. The redistribution of blood 
in paraplegic subjects during arm exercise is impaired due to a lack of sympathetic 
vasoconstriction below the lesion and to the loss of motor innervation of the leg-
muscles resulting in a muscle pump inactivity. This leads to a venous blood pooling 
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below the lesion and, consequently, to a diminished increase in mean systemic and 
ventricular filling pressure during arm exercise in comparison with able-bodied 
subjects. According to the Frank Starling mechanism the lower ventricular filling 
pressure will result in a lower stroke volume in paraplegics than in the able-bodied 
subjects with an effective redistribution of blood. 
The lower stroke volume in paraplegics is compensated for by an increase in heart 
rate. Responsibility for this compensatory mechanism may stem from the sympathetic 
innervation of the heart and humoral influences (Robinson et al. 1966; Christensen 
and Brandsborg 1973; Rothe 1983). During submaximal exercise from 20% to 80% 
of the individual maximal load this compensation can considered as being complete 
(chapter 3 and 4). Consequently, cardiac output, which, by definition, equals the 
product of heart rate and stroke volume, is similar to that in able-bodied subjects at 
a given oxygen uptake. This, so-called, isokinetic circulation, indicates that 
paraplegics and able-bodied subjects have an equal arterial to mixed venous oxygen 
content difference. Since in literature conflicting results have been reported, it is of 
current interest whether subjects with a spinal cord injury have an isokinetic (Sawka 
et al. 1980; Kinzer and Convertino 1989; Hopman et al. 1992a; Hopman et al. 1992d) 
or hypokinetic circulation (a lower cardiac output at a given oxygen uptake) (Hjeltnes 
1977; Davis et al. 1987; Davis and Shephard 1988). However, it does not make good 
physiological sense to assume, that spinal cord-injured subjects, who have only a small 
muscle mass available for exercise and oxygen consumption, have an increased arterial 
to mixed venous oxygen content difference. A hypokinetic circulation in spinal cord-
injured subjects, therefore, is doubtful. 
The adaptation in stroke volume to an incremental exercise intensity has been 
demonstrated to follow the same pattern as stroke-volume adaptation in able-bodied 
subjects (chapter 3 and 4). This means an increase of stroke volume until 40% to 50% 
of the maximal load, after which a stable stroke volume can be observed. The absolute 
value of stroke volume, however, is still lower in paraplegics than in able-bodied 
subjects. Apparently, the pattern of stroke volume adaptation is independent of a 
disturbed cardiovascular innervation. 
In spite of the observed compensatory tachycardia, the lower stroke volume in 
paraplegic subjects may act as a limiting mechanism in the augmentation of the 
cardiac output during maximal exercise. Consequently, the insufficient muscle blood 
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flow leads to an early onset of peripheral fatigue as result of a limited oxygen supply 
and, therefore, maximal performance will be reduced. The smaller active muscle mass 
available for exercise, as a consequence of the loss of motoric innervation below the 
lesion in paraplegics may also reduce maximal oxygen consumption in comparison 
with able-bodied subjects. Furthermore, this limited muscle mass may restrict the 
cardiovascular load, the intrinsic cardiac adaptations to exercise and the absolute 
fitness level that may be achieved through exercise training, which results in a lower 
maximal performance. 
Cardiovascular responses and thermal stress 
During prolonged exercise and heat stress an extra load is added on the cardiovas-
cular system. The temperature and cardiovascular regulation has to adjust to extra 
endogenous and exogenous heating and the preference, based on physiological 
homeostatic principles, for maintaining a constant internal body temperature 
(Benzinger 1969). This results in both an increase in blood flow to the active muscles 
for oxygen supply and an increase in skin blood flow for heat transport and heat loss. 
The enhanced skin blood flow may result in blood volume displacement into cutaneous 
veins, which may lower cardiac filling pressure and stroke volume (Nielsen 1969; 
Rowell 1974; Nielsen et al. 1984). For paraplegics with an impaired redistribution of 
blood during exercise, heat stress imposes an extra stress on the already affected 
cardiovascular system. 
In this study, subjects performed 45 minutes of arm exercise at 40% of the maximal 
load, in a hot and humid environment (350C, 70% relative humidity). Paraplegic 
subjects with lesions below T6 were able to compensate the decrease in stroke volume 
by an increase in heart rate and, thus, cardiac output remained unchanged, which was 
comparable to the responses in able-bodied subjects. The paraplegic subjects with 
lesions above T6, however, demonstrated a decrease in cardiac output as a result of 
the incomplete compensation by heart rate for the decrease in stroke volume, probably 
due to a disturbed cardiac sympathetic innervation (chapter 5). 
One particular problem in studying cardiovascular responses related to temperature 
regulation in paraplegic subjects is related to the core temperature. Whereas in able-
bodied subjects rectal temperature provides a reasonable reflection of the core 
temperature this may be doubtful in spinal cord-injured subjects (Saltin and 
Hermansen 1966; Attia and Engel 1984; Gass et al. 1988). Until recently, only a few 
studies had been directed towards the effect of exercise under different ambient 
conditions on temperature regulatory mechanisms in paraplegics. The present study, 
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in which exercise and heat stress were combined, has contributed towards gaining a 
clear understanding of cardiovascular regulation in persons with paraplegia. 
Venous blood pooling 
As suggested in the chapters 3, 4, and 5, the main cause of the impaired circulatory 
adaptation in paraplegic subjects during exercise was attributed to the lack of adequate 
peripheral vascular regulation resulting in a venous blood pooling below the lesion. 
This assumption was confirmed in chapter 6 by demonstrating significant differences 
in leg-volume changes during arm exercise between paraplegics and able-bodied 
subjects. Venous blood pooling below the lesion in paraplegics was established and, 
in spite of statements of other investigators who proposed the non-functional muscle 
pump as the primary responsible mechanism (Kinzer and Convertino 1989), this study 
illustrated that venous blood pooling was, to an important degree, induced by loss of 
sympathetic vasoconstriction below the lesion. The measured leg-volume changes 
appeared to be independent of the degree of completeness of the lesion, which 
indicates that the completeness of a lesion as verified by senso-motoric neurological 
examination yields no information about the functionality of the sympathetic system. 
The leg-volume changes, however, were related to the level of the spinal cord lesion. 
The level of the lesion defines the available active muscle mass for exercise. The 
active muscle mass may influence the quantity and effect of humoral agents and 
muscle metaboreflexes in the non-exercising muscles and, therefore, the leg-volume 
changes in paraplegics during arm exercise (Mitchell 1990). 
This study, once again, lends relevance to the sympathetic nervous system for 
adequate cardiovascular adaptation to exercise. To date, however, no adequate tests 
are available to qualify or quantify the remaining sympathetic activity below the spinal 
cord lesion. The application of strain gauge plethysmography during dynamic or static 
exercise may be a simple and accurate method to test the functionality of the 
sympathetic system. 
Lower body external pressure 
As a result of the gained insight in the circulatory problems in paraplegic subjects, 
the challenge was to find a way to support the redistribution of blood and to improve 
circulatory adaptation to physical performance (chapter 7 and 8). Previous studies used 
functional neuromuscular stimulation (FNS) in order to activate the paralysed leg 
muscles, used to simulate the muscle pump and to support the redistribution of blood 
(Glaser 1986; Hooker et al. 1989; Davis et al. 1990). Since FNS leads to an 
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enlargement of the active muscle mass and an increase in oxygen uptake it is not quite 
clear whether circulatory changes, i.e. increase in cardiac output and stroke volume, 
are due to an increased active muscle mass or to the simulation of the muscle pump 
resulting in an improved circulatory adaptation. An inflated anti-gravity (anti-G) suit, 
as used in this study, applies external pressure on legs and abdomen and was used to 
induce a central shift in lower body blood volume during arm exercise in paraplegics. 
If a pressure of about 52 mmHg is applied when the subject is in a sitting position, 
it may be assumed that the venous capacitance is diminished whereas the arterial 
system will be unaffected. 
The anti-G suit, used successfully to prevent black-outs in high performance-aircraft 
pilots, to prevent postural hypotension and in the treatment of haemorrhagic shocks, 
has been demonstrated to offer beneficial effects on the circulatory adaptation to 
exercise in paraplegics (chapter 7 and 8). 
During submaximal exercise subjects achieved the same power output and oxygen 
uptake with a decrease in heart rate of about 10% while wearing the inflated anti-G 
suit. Cardiac output remained unchanged, which indicates that the stroke volume had 
increased as a result of the supported redistribution of blood by the inflated anti-G 
suit. 
During maximal exercise with an anti-G suit, the heart rate was significantly lower 
whereas maximal power output and oxygen uptake remained unchanged and, thus, 
maximal performance did not increase. Maximal performance is defined by the 
capacity of oxygen transport and utilization, which is related to the functional capacity 
of the lungs, cardiovascular system, muscle mitochondria and aerobe muscle enzymes. 
For a good understanding of the effect of lower body positive pressure on the 
performance, it is essential to bear in mind that the various links in the oxygen 
transport process of the human body are closely linked and that one specific variable 
cannot be identified as being more critical than another. Improving a link in the 
oxygen transport system considered to be the weakest may shift the restriction to 
another link (Saltin and Strange 1992). Consequently, improving the central 
circulatory adaptation to exercise in paraplegics by applying lower body positive 
pressure will not, by definition, result in an increased maximal work load or oxygen 
uptake. For persons with paraplegia the small active muscle mass available for 
exercise may be a restrictive link in the oxygen uptake process by limited oxygen 
consumption. 
This study indicates that the application of the anti-G suit is a suitable manner to 
support the redistribution of blood and improve circulatory adaptation to exercise in 
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paraplegic subjects. Further research is required to make the application of the anti-G 
suit suitable for practical use. 
Future research 
Although this study has greatly contributed to a better understanding of cardiovascu-
lar behaviour in persons with paraplegia, several major questions have still to be 
answered. 
Firstly, a topic for future research should be the influence of an altered autonomic 
innervation on cardiovascular responses to physical activities. This is not only relevant 
for spinal cord-injured subjects but also for persons with other autonomic nervous 
system diseases. Special attention should be paid to the development of a reliable 
method or technique to test the functionality of the sympathetic system and, by that, 
to gain insight into the field of autonomic disorders. 
Secondly, a challenge for future research should be to develop and investigate 
techniques to decrease venous capacitance in the inactive areas of the body, so that 
cardiac output can increase during arm exercise. In this regard, the application of the 
anti-G suit requires further investigation. 
Thirdly, future research has to be developed into temperature and cardiovascular 
regulation in spinal cord-injured subjects. This field can be seen as a wide unexplored 
field in which, as indicated by this study, special attention has to be paid to the spinal 
cord-injured subjects with high thoracic or cervical lesions. 
Finally, a major thrust of future research should address the central versus 
peripheral trainability in spinal cord-injured subjects for arm exercise training, and the 
need to define the relationship between physiological training effects and specific 
parameters for preventing secondary disabilities. 
Epilogue 
The interaction between mean systemic filling pressure and cardiac output is 
complex and confusing. Even though the heart is the source of energy for the 
propulsion of blood throughout the body, the peripheral circulation critically 
influences cardiac output by active and passive redistribution of blood to and from the 
thorax to change arterial pressure, ventricular filling pressure and, thus, cardiac 
performance. The control of the integration and adaptability of the cardiovascular 
system is cruelly disturbed by a spinal cord lesion, resulting in an altered cardiovascu-
lar behaviour during exercise. One rule, however, still applies: "The heart cannot do 
more than send out what it gets" (Krogh 1912). 
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Summary 
This thesis presents the results of a study of the cardiovascular behaviour in 
paraplegic subjects during arm exercise. Emphasis is placed on major aspects of 
cardiovascular responses in persons with complete spinal cord lesions between Tl and 
T12 during arm-cranking exercise. 
In chapter 1 general information is provided concerning the secondary disabilities 
following a spinal cord lesion and the beneficial sequelae from physical activities. An 
overview of cardiovascular responses in able-bodied subjects and their expected 
disturbances in spinal cord-injured subjects is followed by an analysis of the basic 
consequences for physiological and functional behaviour related to the level and 
completeness of the lesion. The chapter finishes with an enunciation of the purpose 
of the study and a brief survey of the contents of the following chapters. 
Chapter 2 reflects a validity study in which the CO2 rebreathing method, for 
determining cardiac output during arm exercise, is compared to literature data of 
cardiac output determined by other methods during arm exercise. In addition, three 
ways of estimating arterial C02 tension, i.e. the modified Bohr formula, an 
arterialized capillary blood sample and end-tidal C02 values, were evaluated. From 
this study it can be concluded that the CO, rebreathing method is valid and convenient 
for determining cardiac output during arm exercise. Furthermore, all three ways of 
estimating arterial CO2 are considered suitable for determining cardiac output where 
each has its specific advantages. In the following studies the modified Bohr formula 
is used, because it yields good values at low and moderate exercise levels. 
In chapter 3 cardiovascular responses in paraplegic subjects to submaximal arm 
exercise at 20%, 40% and 60% of the individual maximal load are compared to those 
in able-bodied subjects. At a given oxygen uptake paraplegic and able-bodied subjects 
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elicited the same cardiac output (isokinetic circulation), however, with a marked 
difference in the stroke volume - heart rate relationship. Paraplegics demonstrated a 
significantly lower stroke volume, most probably due to the lack of sympathetic 
vasoconstriction below the lesion and the inability to activate the leg-muscle pump. 
The lower stroke volume is compensated for by an increase in heart rate. Maximal 
performance, i.e. maximal power output and oxygen uptake, was lower in paraplegics 
than in able-bodied subjects. Explanations for this can be found in the disturbed 
vasoregulation resulting in a lower maximal cardiac output and in the smaller muscle 
mass available for exercise. 
The study in chapter 4 answers the question whether the compensation for the lower 
stroke volume by heart rate as observed at low and moderate exercise levels in 
paraplegic subjects is still complete at high exercise levels. 
Paraplegic subjects and well-matched control subjects performed submaximal 
exercise at 50%, 70% and 80% of the individual maximal load. At a given oxygen 
uptake, for paraplegics up to 90% of the maximal oxygen uptake, no significantly 
difference in cardiac output between both groups could be observed, indicating that 
heart rate was still able to compensate completely for the lower stroke volume. 
The studies of chapter 3 and 4 together elucidate the pattern of stroke volume 
adaptation during incremental exercise intensity in paraplegic subjects. Although the 
absolute value of stroke volume was obviously lower than in able-bodied subjects, the 
pattern of the stroke volume adaptation during exercise was the same. That means an 
increase of stroke volume until 40-50% of the maximal load, whereafter stroke 
volume stabilizes. 
The investigation in chapter 5 deals with cardiovascular responses to prolonged 
exercise and heat stress. Paraplegic and able-bodied subjects were exposed to an 
ambient temperature of 35° С with a relative humidity of 70% and had to perform 45 
minutes of arm-cranking exercise at 40% of the individual maximal load. Special 
attention was focused on the influence the level of the lesion has on cardiovascular 
responses. Both groups, paraplegic and able-bodied subjects, demonstrated a 
"cardiovascular drift" during the test. Actually, stroke volume declined while heart 
rate increased in compensation. Differences in cardiovascular responses, however, 
could be noticed. Paraplegic subjects with lesions below T6 were able to compensate 
the decrease in stroke volume completely by an increase in heart rate comparable to 
that in able-bodied subjects. Subjects with lesions above T6 demonstrated a decrease 
Summary 135 
in cardiac output during the test, probably due to a failure in the compensation by 
heart rate as a result of an impaired cardiac sympathetic innervation. 
In chapter 6 research was directed towards peripheral vascular adjustment to 
exercise. Strain gauge plethysmography was used to measure relative volume changes 
in the legs of paraplegic and able-bodied subjects during arm exercise. The venous 
blood pooling below the spinal cord lesion, as proposed to be the cause of a disturbed 
cardiovascular regulation in paraplegics during exercise, was established and to an 
important degree induced by a loss of sympathetic vasoconstriction below the lesion. 
Furthermore, the measured leg-volume changes were independent of the complete-
ness but related to the level of the lesion. This suggests that the functionality of the 
sympathetic system is not defined by the degree of completeness of the lesion as was 
verified by senso-motoric neurological examination. The level of the lesion defines the 
amount of active muscle mass. The latter may influence the quantity of humoral 
agents and metaboreflexes in the non-exercising muscles and, thus, leg-volume 
changes during arm exercise in paraplegics. 
In the study of chapter 7 an attempt was made to support the redistribution of blood 
in paraplegic subjects by applying an external pressure of 52 mmHg on legs and 
abdomen by means of an inflated anti-G suit. The anti-G suit demonstrated to offer 
central haemodynamic benefits in paraplegic subjects during submaximal exercise. 
Actually, the same submaximal work load and oxygen uptake were achieved at a 10% 
lower heart rate level whereas cardiac output remained unchanged, which indicates 
that stroke volume had increased. 
The study in chapter 8 is a sequel to the study of chapter 7. The aim of this study 
was to investigate whether the beneficial properties of an anti-G suit upon the central 
circulation as reported during submaximal exercise could lead to an enhanced maximal 
performance in paraplegic subjects. 
This study demonstrated that paraplegic subjects had a significantly lower maximal 
heart rate while using the inflated anti-G suit, however, without an increase in 
maximal work load or oxygen uptake. This suggests, that, despite a positive effect of 
the inflated anti-G suit on the central circulation, maximal performance in paraplegics 
remained unchanged. Maximal performance depends on oxygen transport and 
utilization, defined by functional capacity of the pulmonary and cardiovascular system 
and of the muscles. So, improvement of one link of this complex and closely linked 
136 Summary 
oxygen uptake process may shift the limitation to another link. For persons with 
paraplegia the small active muscle mass available for exercise may be a restrictive link 
in the oxygen uptake process. 
Chapter 9 contains a retrospection of the whole study with its problems and 
outcomes and perspectives on further research. 
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Samenvatting 
Inleiding 
Een dwarslaesie is een letsel in het dwarsvlak van het ruggemerg waardoor de 
functionele continuïteit van het motorische -, sensibele - en/of het autonome 
zenuwstelsel wordt opgeheven. De gevolgen hiervan zijn zeer uiteenlopend, variërend 
van een verlamming van de ledematen, gevoelloosheid van de huid onder het niveau 
van de dwarslaesie, tot verlies van de controle over blaaslediging en ontlasting. 
Daarnaast kunnen ook de regulatie en aanpassing van de circulatie en de lichaamstem-
peratuur verstoord zijn. 
Enkele decennia geleden overleden mensen met een dwarslaesie vaak kort na het 
ontstaan van de dwarslaesie aan infecties van de luchtwegen of andere complicaties. 
Tegenwoordig hebben mensen met een dwarslaesie een vergelijkbare levensverwach-
ting als valide mensen, mits de secundaire complicaties zoals hart- en vaatziekten, 
osteoporose, obesitas, decubitus en contracturen voorkomen kunnen worden. Deze 
secundaire complicaties zijn voor een belangrijk deel het gevolg van een zittend 
bestaan zonder veel lichamelijke activiteit. Het stimuleren van lichamelijke activiteit 
zou dan ook een belangrijke rol in de preventie van deze secundaire complicaties 
kunnen spelen. Uit eerder onderzoek is gebleken dat lichamelijke activiteit een positief 
effect heeft op het verloop van het revalidatieproces, op werk- en studiehervatting en 
op het zelfbeeld en het algeheel welbevinden van personen met een dwarslaesie. Het 
belang van lichamelijke activiteit voor de lichamelijke en geestelijke gezondheid van 
personen met een dwarslaesie wordt de laatste jaren onderkend. De lichamelijke 
activiteit bij deze groep bestaat voornamelijk uit armarbeid. 
Het is bekend dat er bij valide mensen tijdens lichamelijke activiteit een herverde-
ling van bloed optreedt, waardoor het hartminuutvolume en de bloedstroom naar de 
arbeidende spieren toenemen om deze van voldoende zuurstof te voorzien en 
afvalprodukten afte voeren. Deze aanpassingen verschillen tijdens been- of armarbeid. 
Bij eenzelfde belasting is de hartfrequentie en de bloeddruk bij armarbeid in het 
138 Samenvatting 
algemeen hoger. Daarentegen bedraagt de maximale belasting, de maximale 
zuurstofopname en de maximale hartfrequentie voor armarbeid ongeveer 70-90% van 
die voor beenarbeid. Deze verschillen kunnen enerzijds verklaard worden uit de 
kleinere spiermassa die tijdens armarbeid actief is en anderzijds uit een verschil in 
trainingsstatus tussen been- en armspieren. 
Er is weinig bekend over de aanpassingen en de regulatie van het cardiovasculaire 
systeem bij mensen met een dwarslaesie tijdens armarbeid. 
Afhankelijk van het niveau van de dwarslaesie is de innervatie van bepaalde 
spiergroepen en organen en van delen van de circulatie uitgevallen. Ten gevolge 
hiervan kan de regulatie en aanpassing van het cardiovasculaire systeem tijdens 
lichamelijke activiteit verstoord zijn. In het algemeen kan gesteld worden dat, hoe 
hoger het niveau van de dwarslaesie en hoe minder incompleet de dwarslaesie is, des 
te ernstiger de verstoringen van de regulatieprocessen in het lichaam zijn. 
Voor een goed begrip van de effecten van lichamelijke activiteit op het hart en de 
bloedvaten, op de gezondheid en op de preventie van secundaire complicaties, bij 
mensen met een dwarslaesie, is een goed inzicht in de effecten van een dwarslaesie 
op de aanpassingen en de regulatie van het cardiovasculaire systeem tijdens 
lichamelijke activiteit noodzakelijk. 
In dit onderzoek wordt lichamelijke activiteit uitgevoerd in de vorm van arm-
cranken, een goed controleerbare en reproduceerbare vorm van lichamelijke activiteit, 
die het mogelijk maakt om onder gestandaardiseerde omstandigheden de cardiovascu-
laire aanpassingen en regulatie te bestuderen bij deze groep mensen. 
Doel van het onderzoek 
Het doel van dit onderzoek is inzicht te verkrijgen in de cardiovasculaire 
aanpassingen en regulatie bij mensen met een dwarslaesie tijdens lichamelijke 
activiteit. De cardiovasculaire responsen werden daartoe bestudeerd bij verschillende 
inspanningsniveaus van arm-cranken en onder verschillende omstandigheden. Tot slot 
werden pogingen ondernomen om de beperkingen in de aanpassing van het 
cardiovasculaire systeem tijdens arm-cranken, als gevolg van de dwarslaesie, te 
verminderen met behulp van een "anti-gravity"-broek. 
Hoofdstuk 1 
In een algemene inleiding wordt de achtergrond van het onderzoek geschetst. Het 
ontstaan van secundaire complicaties ten gevolge van een zittend bestaan en het 
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preventieve effect van lichamelijke activiteit hierop wordt uitgediept. De consequenties 
van een dwarslaesie gerelateerd aan het niveau van de dwarslaesie worden belicht, 
waarbij een onderscheid wordt gemaakt in autonome en motorische stoornissen. 
Voor wat betreft het parasympatische zenuwstelsel is alleen het sacrale deel bij een 
dwarslaesie betrokken. Het sympatische zenuwstelsel is van groot belang voor de 
cardiovasculaire responsen en aanpassingen tijdens lichamelijke activiteit en is 
thoracolumbaal gelokaliseerd. Een grove indeling op basis van de verstoring van het 
sympatische zenuwstelsel laat 3 groepen zien: (1) mensen met een dwarslaesie boven 
thoracaal 6 (T6), waarbij de innervatie van het hart gestoord kan zijn, (2) mensen met 
een dwarslaesie tussen T6 en Τ10, die een intacte cardiale innervatie maar uitval van 
de innervatie van het splanchnicusgebied hebben, (3) mensen met een dwarslaesie 
tussen T10 en L2, die een intacte innervatie van het hart en het splanchnicusgebied 
hebben, maar de innervatie van de benen en het bekkengebied missen. 
Op grond van motorische uitval kunnen er twee hoofdgroepen onderscheiden 
worden, namelijk de quadriplegen (paralyse van de armen, romp en benen t.g.v. een 
dwarslaesie boven Tl) en de paraplegen (paralyse van de romp en benen t.g.v. een 
dwarslaesie onder Tl) . 
Deze studie richt zich op de paraplegen met een complete dwarslaesie, enerzijds 
omdat zij een intacte motorische innervatie van de bovenste extremiteiten hebben zodat 
het arm-cranken niet beperkt wordt door armspier-paralyse en anderzijds om een zo 
homogeen mogelijke groep te verkrijgen. 
Verder wordt in dit hoofdstuk het doel van het onderzoek uiteengezet en per 
hoofdstuk een korte beschrijving van de inhoud gegeven. 
Hoofdstuk 2 
Het doel van dit onderzoek was de validiteitsbepaling van de CCV'rebreathing"-
methode tijdens armarbeid. Het hartminuutvolume vormt een centraal onderdeel van 
de hele studie. Gezien het feit echter dat invasieve methoden voor bepaling van het 
hartminuutvolume voor deze doelgroep en dit onderzoek te belastend en moeilijk 
uitvoerbaar zijn, wordt de non-invasieve C02-"rebreathing"-methode, berustend op het 
principe van Fick, toegepast. Deze methode bleek tijdens beenarbeid valide en goed 
reproduceerbare hartminuutvolumina te geven. De verkregen hartminuutvolumina met 
behulp van de C02-nrebreathing"-methode tijdens submaximaal arm-cranken werden 
vergeleken met hartminuutvolumina verkregen via andere methoden tijdens arm-
arbeid zoals in de literatuur beschreven. 
Uit dit onderzoek bleek dat de C02-"rebreathing"-methode ook tijdens arm-cranken 
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een valide en goed uitvoerbare methode was voor de bepaling van het hartminuutvolu-
me. 
Daarnaast werd de arteriële CCVspanning op drie verschillende manieren bepaald: 
(1) uit de gemodificeerde Bohr-formule, (2) uit een capillair bloedmonster en (3) uit 
de waarden van de eind-expiratoire C02-toppen, ten einde de meest geschikte en 
accurate manier te selecteren. Alle drie bleken goede resultaten op te leveren met 
slechts kleine accentverschillen. Voor het verdere onderzoek zal gebruik gemaakt 
worden van de gemodificeerde Bohr-formule omdat deze bij zowel lage als matige 
inspanning goede resultaten geeft. 
Hoofdstuk 3 
Het doel van deze studie was de cardiovasculaire responsen van een groep 
paraplegen met een dwarslaesie tussen T6 en T12 tijdens maximale en submaximale 
inspanning te bestuderen en te vergelijken met de responsen van een valide 
controlegroep. Zittend in de rolstoel werd er armcrank-arbeid uitgevoerd. Alle 
proefjpersonen verrichtten een maximaaltest en 3 submaximaaltesten op respectievelijk 
20%, 40% en 60% van het maximale vermogen. 
Tijdens de submaximaaltesten werd het hartminuutvolume bepaald m.b.v. de CCV 
"rebreathing" -methode. Bij eenzelfde zuurstofopname verschilt het hartminuutvolume 
van de paraplegen niet van dat van de controles (isokinetische circulatie). Het 
slagvolume is echter significant lager en de hartfrequentie is compensatoir verhoogd 
in de paraplegengroep. Dit lage slagvolume is waarschijnlijk het gevolg van het 
ontbreken van de sympatische vasoconstrictie en van de spierpompfunctie onder het 
niveau van de dwarslaesie, waardoor er geen adequate herverdeling van bloed optreedt 
en er, als het ware, een veneuze "pooling" van bloed in de benen en het abdomen 
bestaat. 
Het maximale vermogen en de maximale zuurstofopname van paraplegen bleken 
significant lager te zijn dan die van de controlegroep. Waarschijnlijk is dit het gevolg 
van enerzijds de kleinere hoeveelheid inzetbare spiermassa bij de paraplegen, terwijl 
de controles hun romp en beenspieren gebruiken voor stabilisatie en als afzetpunt. 
Anderzijds heeft de verstoring in de circulatoire adaptatie tijdens inspanning tot gevolg 
dat, door de veneuze bloed "pooling", het hartminuutvolume niet voldoende kan 
toenemen, hetgeen een beperking zou kunnen vormen voor de maximale prestaties. 
Hoofdstuk 4 
In deze studie werden het lage slagvolume en de compensatoir verhoogde 
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hartfrequentie, die als produkt het hartminuutvolume vormen, bestudeerd op hoge 
inspanningsniveaus. Op hoge inspanningsniveaus zou de compensatie van het lage 
slagvolume door de hartfrequentie tekort kunnen schieten, waardoor het hartminuutvo-
lume bij eenzelfde zuurstofopname lager is dan in de controlegroep (hypokinetische 
circulatie). 
Op 50%, 70% en 80% van het maximale vermogen werden submaximaaltesten 
uitgevoerd met bepaling van het hartminuutvolume. Het hartminuutvolume bleek bij 
eenzelfde zuurstofopname, voor de paraplegen tot 90% van de maximale zuurstofop-
name, niet te verschillen van dat van de controlegroep. Blijkbaar is de hartfrequentie 
in staat ook op hoge inspanningsniveaus het lage slagvolume volledig te compenseren. 
Daarnaast liet dit onderzoek zien dat het patroon in de aanpassing van het 
slagvolume tijdens een toenemende belasting niet verschilt voor paraplegen en 
controles. Dat wil zeggen dat er, ondanks het significant lagere slagvolume van de 
paraplegen, een toename is van het slagvolume tot ongeveer 40%-50% van de 
maximale zuurstofopname, waarna het slagvolume stabiliseert, hetgeen vergelijkbaar 
is met de aanpassing van het slagvolume bij valide mensen. 
Hoofdstuk 5 
Het doel van deze studie was het bestuderen van de invloed van een hoge 
omgevingstemperatuur tijdens langdurige lichamelijke activiteit op de cardiovasculaire 
responsen. De combinatie, externe warmte en lichamelijke activiteit vormt een extra 
belasting voor het cardiovasculaire systeem. Naast de toename in bloedvoorziening 
voor de arbeidende spieren zal ook de huiddoorbloeding toenemen om extra warmte 
af te kunnen staan, hetgeen een daaraan aangepaste redistributie van bloed inhoudt. 
Gedurende 45 minuten werd er armcrank-arbeid verricht op 40% van het maximale 
vermogen bij een omgevingstemperatuur van 350C en een relatieve luchtvochtigheid 
van 70%. De paraplegen met een dwarslaesie onder T6 lieten een volledige 
compensatie zien voor het afnemende slagvolume door de hartfrequentie, hetgeen 
vergelijkbaar was met de controlegroep. De afname in het slagvolume is het gevolg 
van de aangepaste redistributie van bloed. De paraplegen met een dwarslaesie boven 
T6 bleken niet in staat te zijn de afname in het slagvolume volledig te compenseren 
met een toename van de hartfrequentie, waarschijnlijk ten gevolge van de verstoorde 
sympatische innervatie van het hart. Het hartminuutvolume in deze groep nam 
significant af gedurende de test. 
Een probleem bij de bestudering van cardiovasculaire regulatie bij paraplegen 
tijdens inspanning in een warme omgeving, is de geringe kennis van temperatuur-
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regulatie en warmtebalans in deze groep. Aanvullend onderzoek is hier noodzakelijk, 
waarbij speciale aandacht dient uit te gaan naar de personen met een hoog-thoracale 
of cervicale dwarslaesie. 
Hoofdstuk 6 
Het doel van deze studie was de suggestie dat de beperkte mobilisatie van bloed uit 
het onderlichaam, resulterend in een veneuze bloed-"pooling" onder het niveau van 
de dwarslaesie, de oorzaak is van de geringere toename in het slagvolume van 
paraplegen tijdens armarbeid, te bevestigen. 
15 paraplegen met een dwarslaesie tussen Tl en LI en 15 controles verrichtten 
submaximale armarbeid, terwijl relatieve volumeveranderingen in het onderbeen 
nauwkeurig werden gemeten m.b.v. de "kwiktouwtjes" plethysmografie methode. De 
been-spierpompfunctie van de controles werd uitgeschakeld. Zowel de snelheid van 
volumeafname als de totale volumeafname van het been na 10 minuten arm-cranken 
op 50% van het maximale vermogen waren voor de paraplegen significant lager dan 
voor controles. De minimale been-volumeafname bij paraplegen t.o. v. de uitgesproken 
been-volumeafname bij de controles, bevestigt de persisterende veneuze bloed-
"pooling" in de benen van paraplegen tijdens armarbeid. Voor een belangrijk deel 
bleek dit het gevolg te zijn van het verlies aan sympatisch geïnduceerde vasoconstrictie 
onder het niveau van de dwarslaesie. De volumeafname in het been bleek onafhanke-
lijk te zijn van de mate van compleetheid van de laesie, maar was wel gerelateerd aan 
het niveau van de dwarslaesie. Dit kan verklaard worden uit het feit dat de 
compleetheid van een dwarslaesie bepaald wordt aan de hand van neurologische 
testen, gebaseerd op motorische en sensibele innervatie. Deze geven geen informatie 
over de functionaliteit van het sympatische zenuwstelsel. Daarnaast heeft het niveau 
van de dwarslaesie invloed op de hoeveelheid inzetbare actieve spiermassa. De actieve 
spiermassa beïnvloedt de mate van de activiteit van catecholaminen en chemoreflexen 
in de niet-actieve spieren en daarmee de mate van vasoconstrictie in de benen van 
paraplegen tijdens armarbeid. 
Hoofdstuk 7 
In deze studie werd een poging ondernomen om de veneuze bloed-"pooling" in het 
onderlichaam van paraplegen te verminderen en op die manier de redistributie van 
bloed tijdens armarbeid te bevorderen. Met behulp van een "anti-gravity"-broek (anti-
G broek) werd een externe druk van 52 mmHg aangebracht op de benen en de buik. 
De effecten van deze interventie op de cardiovasculaire aanpassingen werden 
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bestudeerd tijdens submaximale armcrank-arbeid op 20%, 40% en 60% van het 
maximale vermogen. 
De paraplegen met een dwarslaesie tussen T6 en T12 lieten met een anti-G broek 
een significant lagere hartfrequentie (-10%) zien dan in de situatie zonder anti-G 
broek, bij een gelijkblijvende belasting, zuurstofopname en hartminuutvolume. Dit 
suggereert een toename in het slagvolume, waarschijnlijk ten gevolge van een 
toegenomen eind-diastolisch ventriculair volume door een verminderde veneuze bloed-
"pooling" in het onderlichaam. De anti-G broek bleek dus een positief effect te hebben 
op de centraal-circulatoire aanpassingen tijdens armarbeid. 
Hoofdstuk 8 
Als vervolg op het onderzoek in hoofdstuk 7, werd in dit onderzoek het effect van 
positieve druk op het onderlichaam met behulp van een anti-G broek, op het maximale 
prestatievermogen van paraplegen bestudeerd. 12 paraplegen en 13 valide controle 
personen verrichtten 2 keer een maximaaltest waarvan 1 test met een positieve druk 
van 52 mmHg op het onderlichaam en 1 test zonder deze druk. De paraplegen 
lieten een significant lagere maximale hartfrequentie zien tijdens de test met positieve 
druk in vergelijking met de test zonder, terwijl de maximale belasting en zuurstof 
opname niet verschilden. Dit suggereert dat er een positief effect is op de aanpassing 
van de centrale circulatie van paraplegen tijdens maximale inspanning, echter zonder 
dat dit resulteert in een toename van het prestatievermogen. Een verklaring hiervoor 
moet waarschijnlijk gezocht worden in het complexe en nauw met elkaar samenhan-
gende proces van zuurstoftransport, -afgifte en -consumptie. Een verbetering van een 
zwakke schakel in dit systeem kan de beperking verplaatsen naar een andere schakel. 
Met andere woorden een verbetering van de centrale circulatoire aanpassing tijdens 
armarbeid leidt niet zonder meer tot een verhoging van de maximale zuurstofopname, 
waarschijnlijk ten gevolge van beperkingen in de zuurstof consumptie. De kleine 
actieve spiermassa van paraplegen zou hierbij een belangrijke rol kunnen spelen. 
Hoewel een anti-G broek niet in staat is een verhoging van het prestatievermogen 
van paraplegen te bewerkstelligen, zijn er sterke aanwijzingen dat een anti-G broek 
een positief effect heeft op de aanpassing van de centrale circulatie van paraplegen 
tijdens armarbeid. Mogelijk kunnen verscheidene schakels in het proces van zuurstof-
transport, -afgifte en -consumptie verbeteren door training met een anti-G broek, 
resulterend in een toename van het prestatievermogen. 
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Hoofdstuk 9 
In dit hoofdstuk wordt een reflectie gegeven op het onderzoek, de resultaten en de 
conclusies. Aansluitend worden suggesties geopperd voor toekomstig onderzoek bij 
mensen met een dwarslaesie. Hierbij staan de bestudering van de invloed van het 
autonome zenuwstelsel, de verdere uitwerking van de toepassing van de anti-G broek 
en de effecten van training in relatie tot gezondheidsbevordering centraal. 
Dit onderzoek heeft in grote mate bijgedragen aan een toename in de kennis van 
aanpassingen en regulatie van het cardiovasculaire systeem tijdens armarbeid bij 
mensen met een thoracale dwarslaesie. Dit toegenomen inzicht kan bijdragen aan een 
verbeterde preventie van secundaire complicaties en daarmee een positieve bijdrage 
leveren aan de kwaliteit van leven voor mensen met een dwarslaesie. 
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haar toegekend tijdens het FIMS World Congress of Sports Medicine te Amsterdam. 
In 1992 ontving zij het Frye Stipendium voor veelbelovende jonge vrouwelijke 
onderzoekers. 

Stellingen bij het proefschrift 
"Paraplegia and Exercise" 
door Maria Hopman 
I 
Het hartminuutvolume van paraplegen verschilt niet van dat van controle 
personen, tijdens lichamelijke inspanning bij eenzelfde zuurstofopname. 
(dit proefichrifi) 
II 
Een anti-G broek met een druk van 52 mmHg heeft een gunstig effect op de 
herverdeling van bloed bij paraplegen tijdens armarbeid. 
(dit proefschrift) 
III 
De CO2 rebreathing methode verdient de voorkeur bij de bepaling van het 
hartminuutvolume tijdens submaximale inspanning boven invasieve methoden, 
gezien de geringe belasting voor de proefpersoon bij een gelijkblijvende 
nauwkeurigheid. 
(dit proefschrift) 
IV 
De prestaties van mensen met een handicap worden stelselmatig ondergewaar-
deerd. Symptomatisch hiervoor is het gebrek aan belangstelling voor de 
Paralympics. 
V 
De bolusinjectie met Indomethacine ter bevordering van de sluiting van de 
Persisterende Ductus Arteriosus bij neonaten geeft een sterke vermindering van 
de cerebrale doorbloeding en dient daarom niet bij anemische neonaten te worden 
toegepast. 
VI 
Voor de bepaling van trends in de stratosferische ozonconcentraties is het zinloos 
om ballonsonderingen uit te voeren wanneer dit reeds geschiedt vanuit een station 
dat slechts 150 km verderop ligt (Ukkel/De Bilt). 
(Oplating eerste ozonballonsonde, KNMI, 3 december 1992) 
VII 
Indien de Mount Everest op een hogere breedtegraad zou liggen zou het 
onmogelijk zijn hem zonder zuurstof te beklimmen. 
(J.B. West, Everest the testing place, 1985) 
Vili 
Gezien de traditie van Nederland als waterland verdient ook het onderzoek aan 
waterkanalen in biologische membranen een grotere ondersteuning. 
IX 
Wetenschappers zijn tegenwoordig te vergelijken met de dolende ridders van 
vroeger. Ze zwerven door de wereld op zoek naar avontuur en roem. 
(David Lodge, auteur) 
X 
In het onderwijs en het onderzoek valt tegenwoordig weinig te Ritzelen. 
XI 
Het aantal actieve grijze cellen aan de Nederlandse Universiteiten is niet 
evenredig met de vergrijzing toegenomen. 
XII 
"Een verstandige meid neemt haar kind op tijd" suggereert dat alleen de vrouw 
beslist. 
XIII 
De voordracht tijdens de promotie, voorafgaand aan de verdediging, kan ook voor 
insiders verhelderend werken. 
XIV 
De bij het marathon-lopen gebruikte term "verstand op nul, blik op oneindig", 
heeft voor een deel ook betrekking op het schrijven van een proefschrift. 
Nijmegen, 28 januari 1993 


